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A B S T R A C T 
A s m a l l sea l e v e l a i r shower a r r a y , c o n s i s t i n g o f 14 p l a s t i c 
s c i n t i l l a t o r s p r o v i d i n g b o t h d e n s i t y and d i r e c t i o n a l i n f o r m a t i o n , i s 
d e s c r i b e d . The d a t a c o l l e c t i o n e l e c t r o n i c s a r e d e s c r i b e d , and any 
r e c e n t improvements implemented d u r i n g t h e p e r i o d 1975 - 1977 a r e 
o u t l i n e d . 
The o f f l i n e t r e a t m e n t o f t h e d a t a , f r o m i n i t i a l d a t a c h e c k i n g t o 
f i n a l a n a l y s i s i s d e s c r i b e d , and a q u a n t i t a t i v e assessment o f t h e 
performance o f t h e a n a l y s i s programmes u s i n g s i m u l a t e d d a t a , i s p r e s e n t e d . 
The d i f f e r e n t i a l shower s i z e spectrum s l o p e , based on a sample of 
650 e v e n t s has been c a l c u l a t e d as 
Y = 2.95 ± 0.2 f o r 6.3 x 1 0 5 < N < 2 x 1 0 6 
F i n a l l y , some d i s c r e p a n c i e s between t h e a n a l y s i s o f r e a l and 
s i m u l a t e d d a t a a r e p r e s e n t e d , and some p o s s i b l e causes d i s c u s s e d . 
- x i -
P R E F A C E 
The work d e s c r i b e d i n t h i s t h e s i s was c a r r i e d o u t d u r i n g t h e 
p e r i o d 1975 - 1977 w h i l e t h e a u t h o r was w o r k i n g under t h e s u p e r v i s i o n 
o f Dr. M„ G. Thompson, i n t h e Cosmic Ray Group o f t h e P h y s i c s Department 
i n t h e U n i v e r s i t y o f Durham. 
D u r i n g t h i s t i m e t h e a u t h o r has been r e s p o n s i b l e f o r t h e 
s p e c i f i c a t i o n and i m p l e m e n t a t i o n o f necessary improvements i n t h e 
Durham e x t e n s i v e a i r shower a r r a y , and t h e r u n n i n g o f an e x p e r i m e n t t o 
c o l l e c t and a n a l y s e a i r shower d a t a , y i e l d i n g u s e f u l r e s u l t s i n t h e 
5 6 
r e g i o n 5 x 10 - 2 x 10 p a r t i c l e s . The a u t h o r has a l s o been respons-
i b l e f o r t h e w r i t i n g of t h e a i r shower d a t a s i m u l a t i o n programme, and 
i t s use i n t e s t i n g t h e performance o f b o t h t h e e x p e r i m e n t and t h e 
a n a l y s i s programmes. 
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CHAPTER 1 
THE COSMIC RADIATION 
1.1 INTRODUCTION 
The d i s c o v e r y o f cosmic r a y s over 60 years ago i n i t i a t e d a 
c o n t i n u i n g i n v e s t i g a t i o n i n t o t h e f u n d a m e n t a l processes o f n a t u r e , t h r o u g h 
t h e i r s t u d y , on b o t h a m i c r o s c o p i c and macroscopic l e v e l . S i g n i f i c a n t 
advances i n t h e f i e l d o f n u c l e a r p h y s i c s have o c c u r r e d t h r o u g h t h e s t u d y 
o f t h e i n t e r a c t i o n s o f t h e e n e r g e t i c p a r t i c l e s i n t h e p a s t , and w h i l e 
p a r t i c l e s w i t h e n e r g i e s o f up t o 1500 GeV may c u r r e n t l y be c r e a t e d i n 
acce I e r a t o r e x p e r i m e n t s , i t i s l i k e l y t h a t t h e f i e l d o f cosmic r a y s 
w i l l p l a y an i m p o r t a n t c o n t i n u e d r o l e i n t h e t e s t i n g o f n u c l e a r models 
20 
a t e x t r a p o l a t e d e n e r g i e s o f up t o 10 eV. Cosmic r a d i a t i o n c o n s i s t s o f x rays 
gamma r a y s , e l e c t r o n s and e n e r g e t i c n u c l e i , and co v e r s a l a r g e range o f 
p r i m a r y e n e r g i e s . The s t u d y o f t h e i n f o r m a t i o n t h a t t h e y c a r r y , t h e i r 
o r i g i n , and t h e i r mass and energy s p e c t r a , p r o v i d e s t h e o n l y d i r e c t 
knowledge about m a t t e r o r i g i n a t i n g o u t s i d e t h e s o l a r system. 
1.2 THE DISCOVERY OF THE RADIATION 
At t h e t u r n o f t h e c e n t u r y , e x p e r i m e n t s on t h e c o n d u c t i v i t y o f 
s h i e l d e d gases, by E l s t e r and G e i t e l ( E l s t e r and G e i t e l 18SS), r e v e a l e d 
t h e presence o f an i o n i s i n g background r a d i a t i o n , t h o u g h t a t t h a t t i m e 
t o o r i g i n a t e f r o m r a d i o a c t i v e m a t e r i a l s on e a r t h . However, i n 1912, 
Hess (Hess 1912) c o n c l u d e d f r o m e x p e r i m e n t s i n v o l v i n g a i r b o r n e i o n i s a -
t i o n chambers, t h a t t h e r a d i a t i o n was o f e x t r a t e r r e s t i a l o r i g i n , and 
t h a t t h e sun was n o t t h e so u r c e o f t h e m a j o r i t y o f t h e r a d i a t i o n . These 
o b s e r v a t i o n s were g i v e n f u r t h e r p r o o f by work p e r f o r m e d by M i l l i k a n and 
Cameron ( M i l l i k a n and Cameron 1926) u s i n g submerged s e a l e d e l e c t r o s c o p e s 
t o measure i o n i s a t i o n . 
I n i t i a l l y t h e r a d i a t i o n was b e l i e v e d t o be gamma r a y s , but e x p e r i m e n t s 




and K o l h t f r s t e r 1928) i n d i c a t e d t h e presence o f charged p a r t i c l e s i n 
cosmic r a d i a t i o n a t ground l e v e l . Work a t t h i s t i m e on t h e l a t i t u d e 
e f f e c t by Clay ( C l a y 1927) and M i l l i k a n and t h e d i s c o v e r y o f t h e E a s t -
West e f f e c t by Johnson and S t r e e t (Johnson and S t r e e t 1933), i n 1933, 
i n d i c a t e d t h a t n o t o n l y were cosmic r a y p r i m a r i e s charged, b u t t h a t t h e 
o v e r a l l charge was p o s i t i v e . 
S i g n i f i c a n t d i s c o v e r i e s o f new p a r t i c l e s were made i n cosmic r a y 
s t u d y d u r i n g t h e f o l l o w i n g t w e n t y y e a r s . Anderson and Neddermeyer, 
(Anderson and Neddermeyer 1936) d i s c o v e r e d t h e e l e c t r o n p o s i t r o n p a i r , 
a l r e a d y p r e d i c t e d by D i r a c ' s r e l a t i v i s t i c quantum mechanics, and d u r i n g 
t h e n e x t decade t h e d i s c o v e r y of t h e meson and o b s e r v a t i o n by Rochester 
and B u t l e r of t h e /\° t h r o u g h i t s decay t o p o s i t i v e and n e g a t i v e p a r -
t i c l e s i n a c l o u d chamber, were i m p o r t a n t e a r l y c o n t r i b u t i o n s t o t h e 
f i e l d o f p a r t i c l e p h y s i c s . 
1.3 THE PRIMARY COSMIC RAYS 
The observed energy spectrum i s b e s t i l l u s t r a t e d f r o m a summary 
by W o l f e n d a l e ( W o l f e n d a l e 1973) i n F i g u r e 1.1, t o g e t h e r w i t h t h e t y p e 
of e x p e r i m e n t w h i c h p r o v i d e s i n f o r m a t i o n about each energy range. One 
i m p o r t a n t f e a t u r e o f t h e energy s p e c t r u m i s a change i n s l o p e a t 
a p p r o x i m a t e l y 10 ^  eV, o c c u r r i n g o v e r a s m a l l energy r a n g e . There have 
been v a r i o u s i n t e r p r e t a t i o n s o f t h i s 'knee' i n t h e p r i m a r y s p e c t r u m ; Kempa 
e t a l (1974) and K a r a k u l a e t a l (1974 )have suggested t h a t t h i s may be t h e 
r e s u l t o f cosmic r a y s f r o m d i s c r e t e sources superimposed on a n o r m a l 
cosmic r a y background, whereas J u l i u s s o n ( J u l i u s s o n 1975) i n t e r p r e t s 
t h i s change i n s l o p e as t h e g r a d u a l breakdown i n t h e r e t e n t i o n o f low 
charge p a r t i c l e s by t h e g a l a c t i c m a g n e t i c f i e l d . 
The mass spectrum o f t h e p r i m a r i e s may be measured d i r e c t l y a t low 
e n e r g i e s , below ^ l o ' ^ eV/nucleon, by b a l l o o n borne o r s a t e l l i t e 
e x p e r i m e n t s , w i t h t h e a c c u r a c y d e c r e a s i n g w i t h i n c r e a s i n g e n e r g y . 9e.ce.nl rtgli^i 
resieM/<uL by BeiL (/?74(i)jj & ^ e ^ beyond a/l e/^r^ ^ 6&/^npUeo^} the, d^c- 4* fht, eMTQW 
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Figure Primary cosmic ray spectra. 
(After Wolfendale, 1973) 
Energy T o t a l No. % P r o t o n s and % or P a r t i c l e s % H e a v i e r 
Of Events Neutrons P a r t i c l e s 
3.7 x 10"<V 46 80 13 
U n i v e r s a l 
C o m p o s i t i o n 99 < 1 <.02 
T a b l e 1.1: Mass d i s t r i b u t i o n o f p r i m a r y cosmic r a y s o b t a i n e d f r o m a 
b a l l o o n borne e x p e r i m e n t f l o w n a t an a t m o s p h e r i c d e p t h o f 
a p p r o x i m a t e l y 22 gem - 2. ( M a l h o t r a e t a l 1966). 
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eMs^K-hj the- heox/ie** olesieAXh yjauLL donmatt^ in the- pri«an^ f>asliol&g 
T a b l e 1 . 1 i l l u s t r a t e s t h e mass d i s t r i b u t i o n o b t a i n e d by M a l h o t r a e t a l 
( M a l h o t r a e t a l 1 9 6 6 ) a t an energy o f 3 . 7 x l O 1 1 e V / n u c l e o n . A t p a r t i c l e 
12 
e n e r g i e s above a p p r o x i m a t e l y 1 0 eV/nucleon, t h e r e i s no d i r e c t i n f o r m -
a t i o n c o n c e r n i n g t h e mass c o m p o s i t i o n , a l t h o u g h c o n c l u s i o n s may be drawn 
f r o m m u l t i p l e muon s t u d i e s ( E l b e r t e t a l 1 9 7 5 ) , w h i c h i n d i c a t e t h a t a t 
e n e r g i e s o f a p p r o x i m a t e l y 1 0 " ^ eVynucleon, t h e r e may be an e n r i c h m e n t 
o f h e a v i e r n u c l e i . I n t h i s energy r e g i o n , t h e p r i m a r y spectrum i s 
e s t i m a t e d i n d i r e c t l y by t h e ass u m p t i o n o f i n t e r a c t i o n models t o r e l a t e 
t h e p r i m a r i e s t o t h e ground l e v e l o b s e r v a t i o n s . The mass c o m p o s i t i o n 
a t t h e s e h i g h e r e n e r g i e s i s n o t o n l y i m p o r t a n t i n t h e s t u d i e s o f t h e 
o r i g i n o f cosmic r a y s , b u t a l s o has i m p o r t a n t a s t r o p h y s i c a l i m p l i c a t i o n s , 
s i n c e t h e c o m p o s i t i o n o f t h e p r i m a r y beam p l a c e s severe c o n s t r a i n t s on 
t h e s t r u c t u r e and s t r e n g t h o f t h e G a l a c t i c m a g n e t i c f i e l d . 
Work by G r e i s e n ( G r e i s e n 1 9 6 6 ) , R o l l and W i l k i n s o n ( R o l l and 
W i l k i n s o n 1 9 6 6 ) , and S t r o n g ( S t r o n g e t a l 1 9 7 4 ) , has i n d i c a t e d t h a t a 
2 0 . . 
c u t o f f i n cosmic r a y i n t e n s i t y s h o u l d o c c u r around 10 ev, due t o 
i n t e r a c t i o n w i t h t h e 2 . 7 K background r a d i a t i o n . However, t h e ex p e c t e d 
r e s u l t a n t s t e e p e n i n g o f t h e p r i m a r y spectrum has n o t been observed i n 
r e s u l t s f r o m b o t h Sydney ( B e l l e t a l 1 9 7 4 ) and Haverah Park (Edge e t 
a l 1 9 7 3 ) a r r a y s . Locni. cow-fflw/ievr' 0y «rt<SA/x.r;c riu&s OF rue ve?y/-'/&<•/ &/&&;/ CM%£{) 0>tr>xzst w tut te»oF 
CAMcnc CLUSTERS ifly cWW'V ^  j b u t c l e a r l y a more a c c u r a t e spectrum e s t i m a t i o n 
i n t h i s r e g i o n i s r e q u i r e d . 
1 .4 THE EXTENSIVE AIR SHOWER 
The E x t e n s i v e A i r Shower (EAS) has been t h e s u b j e c t o f d e t a i l e d s t u d y 
f o r a p p r o x i m a t e l y 4 0 y e a r s . The e a r l y e x p e r i m e n t s (Auger e t a l 1 9 3 9 ) 
K o l h o ' r s t e r ( 1 9 3 8 ) were concerned w i t h e s t a b l i s h i n g t h e main 
c h a r a c t e r i s t i c s o f t h e EAS and l i n k i n g t h e e f f e c t t o t h e a l r e a d y w e l l 
known e l e c t r o m a g n e t i c cascades produced by t h e passage o f h i g h energy 
- 4 -
e l e c t r o n s and photons t h r o u g h m a t t e r . The e a r l y ground l e v e l experiments s t u d y i n g 
t h e e l e c t r o m a g n e t i c components used w i d e l y spaced c o u n t e r s t o d e t e c t t h e s i m u l t a -
neous a r r i v a l o f charged p a r t i c l e s over hundreds o f square m e t r e s , a sampling 
t e c h n i q u e s i m i l a r t o t h a t used by t h e m a j o r i t y of modern p a r t i c l e a r r a y s . 
Other experiments a t t h i s t i m e (Fromen and Stearns 1938) i n d i c a t e d t he 
presence o f a 'hard' component capable o f p a s s i n g t h r o u g h 15 cm o f lead w i t h o u t 
i n t e r a c t i o n , p r o v i n g t h a t t h e e l e c t r o m a g n e t i c cascade t h e o r y a l o n e was n o t t h e 
f u l l e x p l a n a t i o n o f th e development o f EAS. L a t e r b a l l o o n work u s i n g n u c l e a r 
emulsions d i s c o v e r e d t h e presence o f p r o t o n s and h e a v i e r n u c l e i i n t h e p r i m a r y 
r a d i a t i o n . Spurred by t h e f a c t t h a t EAS were the r e s u l t o f t h e i n t e r a c t i o n s of 
t h e h i g h e s t energy cosmic r a y p r i m a r i e s , i n t e r e s t i n EAS i n c r e a s e d and g r a d u a l l y , 
d u r i n g t h e l a s t t h r e e decades, a s t a n d a r d model of t h e g e n e r a t i o n o f EAS i n t h e 
atmosphere has been developed. 
E x t e n s i v e a i r showers a r e i n i t i a t e d by t h e i n t e r a c t i o n o f a p r i m a r y cosmic 
_2 
r a y p a r t i c l e w i t h an a i r n u c l e u s a t an average depth o f 80 gm/cm i n the e a r t h s 
atmosphere. The p r i m a r y p a r t i c l e i s assumed t o l o s e a p p r o x i m a t e l y h a l f i t s energy 
i n t h i s and subsequent i n t e r a c t i o n s , p r o d u c i n g from each, secondary p a r t i c l e s , 
w h i c h are m o s t l y p i o n s , T T + , TT~, and JT° i n r o u g h l y e q u a l numbers. The m u l t i p l i c i t y , 
energy and t r a n s v e r s e momentum d i s t r i b u t i o n s o f these secondary p i o n s a r e t h e 
s u b j e c t of c o n s i d e r a b l e c u r r e n t i n t e r e s t . The d e s c r i p t i o n o f p i o n p r o d u c t i o n i n 
t h e p r o t o n - p r o t o n ( p - p ) i n t e r a c t i o n has been d i v i d e d up b r o a d l y i n t o two models; 
t h e 'Standard Model', and t h e ' S c a l i n g Model'. 
The main f e a t u r e s o f t h e 'Standard model', arose e m p i r i c a l l y f r o m a c c e l e r a t o r 
d a t a a v a i l a b l e i n t h e mid 1960's f o r p r i m a r y e n e r g i e s up t o a p p r o x i m a t e l y 3 x 1 0 1 0 e V . 
The picm m u l t i p l i c i t y i s assumed t o v a r y w i t h p r i m a r y energy Ep as Ej>a, t h e mean 
t r a n s v e r s e momentum, ^ P ^ , r i s i n g s l o w l y w i t h Ep, f r o m a v a l u e of 0.4 GeV/ c a t 
Ep = 10 1 2eV, and t h e p i o n energy spectrum a c c o r d i n g t o t h e e m p i r i c a l f o r m u l a e o f 
Cocconi, Koester and P e r k i n s , ( 1 9 6 1 ) . 
Recent p i o n p r o d u c t i o n d a t a , however, o b t a i n e d f r o m t h e CERN I n t e r s e c t i n g 
12 
Storage Rings, f o r p r i m a r y e n e r g i e s up t o 1.5 x 10 eV.are c o n s i s t e n t w i t h t h e 
p r e d i c t i o n s from t h e S c a l i n g h y p o t h e s i s of Feynman ( 1 9 6 9 ) , i n d i c a t i n g a l o g a -
r i t h m i c r i s e of t h e p i o n m u l t i p l i c i t y w i t h Ep, near constancy of<^ t^>, and t h e 
d i s t r i b u t i o n o f f r a c t i o n a l energy t a k e n by t h e secondary p i o n s f r o m t h e i n t e r -
a c t i o n independent of p r o t o n energy, i n t h e r e g i o n 1 0 1 0 - 10 eV. From a 
comparison o f t h e p i o n m u l t i p l i c i t i e s p r e d i c t e d f r o m t h e ' S c a l i n g ' h y p o t h e s i s , w i t h 
t h o s e d e r i v e d from cosmic r a y e x p e r i m e n t s , ' S c a l i n g ' appears t o break (fown a t 
14 
e n e r g i e s g r e a t e r t h a n a p p r o x i m a t e l y Ep = 1 0 eV; b u t some agreement may be r e s t o r e d 
i f t he mean mass o f p r i m a r y cosmic r a y p a r t i c l e s i s assumed t o i n c r e a s e s h a r p l y jot- Lf>lo 
The charged p i o n s e i t h e r i n t e r a c t a g a i n t o c o n t i n u e t h e 
n u c l e a r a c t i v e c a s c a d e , o r deca y t o w e a k l y i n t e r a c t i n g muons, which u s u a l l y 
s u r v i v e t o s e a l e v e l , c a r r y i n g w i t h tnem much more i n f o r m a t i o n about the e a r l y s h o w e r 
development than t h e e l e c t r o m a g n e t i c component. The n u e t r a l p i o n s decay i m m e d i a t e l y i 
- 5 -
i n t o p a i r s o f photons, w h i c h i n t u r n , may i n i t i a t e e l e c t r o m a g n e t i c 
cascades, t h e s u p e r p o s i t i o n o f w h i c h , c o u p l e d w i t h s c a t t e r i n g t h r o u g h 
t h e atmosphere, c o n s t i t u t e t h e b u l k o f t h e p a r t i c l e s observed as t h e 
shower a t ground l e v e l . As t h e a v a i l a b l e energy i n t h e shower i s d i s -
t r i b u t e d among an i n c r e a s i n g number of s e c o n d a r i e s , m a i n l y e l e c t r o n s , 
t h e mean p a r t i c l e energy i s reduced, u n t i l t h e energy t r a n s f e r t h r o u g h 
B r e f f i J o t r a h l u n g becomes l e s s i m p o r t a n t t h a n t h e energy l o s s t h r o u g h i o n i -
s a t i o n . A t t h i s energy, a p p r o x i m a t e l y 84 Me^ f o r e l e c t r o n s , t h e number 
o f p a r t i c l e s i n t h e shower s t a r t s t o de c r e a s e . The mean depth in rhe atmosphere ot 
shower maximum development, t o g e t h e r w i t h t h e f l u c t u a t i o n s i n t h i s 
q u a n t i t y a r e r e g a r d e d as i m p o r t a n t parameters i n d e t e r m i n i n g t h e 
p r i m a r y mass c o m p o s i t i o n ; a heavy p r i m a r y h a v i n g s m a l l e r f l u c t u a t i o n s 
i n a decreased d e p t h o f shower maximum. I t i s t h o u g h t t h a t f u t u r e 
e x p e r i m e n t s s t u d y i n g t h e Cerenkov l i g h t e m i t t e d by showers d u r i n g t h e i r 
passage t h r o u g h t h e atmosphere, w i l l p r o v i d e i m p o r t a n t h i g h q u a l i t y 
e x p e r i m e n t a l d a t a on t h i s s u b j e c t . 
1.5 THE EAS COMPONENTS 
As has been d i s c u s s e d above, t h e v a r i o u s components f o u n d i n EAS 
may be b r o a d l y c l a s s i f i e d i n t o t h r e e groups J the e l e c t r o n , muon and 
n u c l e o n components. The e l e c t r o n component i s by f a r t h e most numerous 
component i n an e x t e n s i v e a i r shower. The l a t e r a l s p r e a d o f e l e c t r o n s 
may be d e s c r i b e d w e l l o v e r a l a r g e range o f r a d i i and shower s i z e , by 
a d e n s i t y d i s t r i b u t i o n f u n c t i o n , commonly r e f e r r e d t o as t h e s t r u c t u r e 
f u n c t i o n , w h i c h may be a p p r o x i m a t e d by t h e e x p r e s s i o n due t o G r e i s e n 
( G r e i s e n 1960) 
s-2 , s-4„5 
f fr \ = C ( s ) (r\ ( r + 1 
where 5 i s t h e so c a l l e d cascade age parameter, r ^ i s t h e s c a t t e r i n g 
l e n g t h f o r e l e c t r o n s i n a i r , f r e q u e n t l y c a l l e d t h e M o l i e r e u n i t w i t h a 
Catz p ( N , r ) = 0.0157 N exp (-r/120) 
( r + l ) 1 . 6 2 
75 ? 25 NKG p(N, r ) = 0.45 N Y r j \ * /' n \ * 
• r l * . I r / U + r l J 
— •—Hasegawa p ( N , r ) = N exp (-r/120) 
2 n ( 120rr)2 r L 5 
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FIGURE 1.2 The l a t e r a l s t r u c t u r e f u n c t i o n o b t a i n e d by s e v e r a l a u t h o r s , 
n o r m a l i s e d t o N = 1 0 5 p a r t i c l e s . 
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v a l u e o f 79 m a t sea l e v e l , C ( s ) i s a n o r m a l i s i n g f a c t o r and 
2 
f ( r ) = r ] l p ( r ) 
N 
where p ( r ) i s t h e p a r t i c l e d e n s i t y a t r a d i u s r and N i s t h e t o t a l 
number o f p a r t i c l e s i n t h e shower. The age parameter, o v e r t h e 
3 9 
range 10 - 10 p a r t i c l e s , appears t o be v i r t u a l l y c o n s t a n t i n t h e 
range 1.2 - 1.25, c o n t r a r y t o t h e b e h a v i o u r e x p e c t e d f r o m a s i n g l e 
p u r e e l e c t r o m a g n e t i c cascade. I t has been n o t e d (Hasegawa 1962) t h a t 
t h e s t r u c t u r e f u n c t i o n o f t e n depends on t h e method o f d e t e c t i o n o f t h e 
EAS, p l a s t i c s c i n t i l l a t o r s p r o d u c i n g a s l i g h t l y s t e e p e r f u n c t i o n t h a n 
G eiger M u l l e r c o u n t e r s , due t o t h e dependence o f t h e s c i n t i l l a t o r 
response on t h e energy spectrum o f t h e e l e c t r o m a g n e t i c component. To 
examine t h e s e n s i t i v i t y o f t h e e x p e r i m e n t t o t h i s e f f e c t , two o t h e r 
s t r u c t u r e f u n c t i o n s have been c o n s i d e r e d f o r use i n t h i s work; t h e f u n c -
t i o n due t o Hasegawa and t h a t due t o Catz (Catz e t a l 1 9 7 5 ). As i l l u s t r a t e d 
i n F i g u r e 1.2, t h e r e i s s t i l l good agreement between them i n t h e range 
10 - 100 m e t r e s . 
Muons a r e a b l e t o p r o v i d e more d i r e c t d a t a a bout t h e e a r l y s t a g e s 
o f shower development, s i n c e t h e y i n t e r a c t w e a k l y , and because o f t h e 
f a c t t h a t t h e y a r e n o t a p p r e c i a b l y s c a t t e r e d i n t h e e a r t h ' s atmosphere, 
t h e i r a r r i v a l d i r e c t i o n r e f l e c t s t h e d i r e c t i o n o f e m i s s i o n o f t h e p a r e n t 
p a r t i c l e . S t u d i e s o f muons i n showers may be b r o a d l y d i v i d e d i n t o two 
energy r e g i o n s ; low energy at ~ 1 0 GeV and h i g h energy af — 1 0 0 0 GeV. The 
s t u d y o f t h e low energy muon s t r u c t u r e f u n c t i o n , t i e d i n w i t h shower 
development models, y i e l d s v a l u a b l e i n f o r m a t i o n about t h e m u l t i p l i c i t y 
o f p i o n p r o d u c t i o n i n t h e v e r y f i r s t i n t e r a c t i o n s i n t h e shower. Recent (Tndels give 
muon l a t e r a l d i s t r i b u t i o n s n a r r o w e r t h a n t h o s e observed e x p e r i m e n t a l l y 
u s i n g s h i e l d e d d e t e c t o r s , i n d i c a t i n g t h a t e i t h e r t h e assumed p i o n produc-
t i o n mean t r a n s v e r s e momentum i s t o o low, o r t h a t t h e muons s h o u l d be 
- 7 -
produced h i g h e r i n t h e atmosphere. Recent work on h i g h energy muons 
(Adcock 1970, 1971) i n Utah, has produced some i n t e r e s t i n g r e s u l t s on 
b o t h p i o n p r o d u c t i o n m u l t i p l i c i t y and mean t r a n s v e r s e momentum a t p r o -
14 15 , 
d u c t i o n e n e r g i e s o f around 10 - 10 ev. Measurement o f muon decoherence 
c u r v e undergound, t o g e t h e r w i t h t h e o r e t i c a l p r e d i c t i o n s f o r v a r i o u s mean 
t r a n s v e r s e momenta, i n d i c a t e a mean v a l u e o f - 0.6 - .05 GeV/c, w h i l e 
t h e measured r a t i o o f m u l t i p l e muon r a t e s r e c o r d e d i n a l a r g e a r e a 
1 
d e t e c t o r , s u p p o r t a p i o n p r o d u c t i o n m u l t i p l i c i t y o f n s = 2.7 E4 where 
E i s t h e n u c l e o n energy i n GeV. 
Hadrons, c o m p r i s i n g t h e n u c l e a r a c t i v e component o f a shower, a r e 
f a r l e s s numerous t h a n t h e o t h e r p a r t i c l e s , b u t because o f t h e i r l a r g e 
e n e r g i e s and s t r o n g i n t e r a c t i o n w i t h m a t t e r , a r e r e s p o n s i b l e f o r t h e 
g e n e r a t i o n and sustenance o f t h e o t h e r shower component-5 . The number 
o f Hadrons i n a shower c o r r e l a t e s t r o n g l y w i t h t h e t o t a l number o f e l e c -
t r o n s a l m o s t i n d e p e n d e n t l y o f p r i m a r y energy, c l e a r l y r e f l e c t i n g t h i s 
r o l e . From o b s e r v a t i o n s o f t h e m u l t i c o r e s t r u c t u r e o f EAS (Dake e t a l 
1971) c o n c l u s i o n s have been drawn about t h e e x i s t e n c e of hadrons w i t h 
v e r y h i g h t r a n s v e r s e momenta, about 10 Ge\^£. There i s i n c o n s i s t e n c y , 
however, between d i f f e r e n t e x p e r i m e n t s , and r e c e n t work by G r e t d e r (1977) 
suggests t h a t t h e l a t e r a l d i s t r i b u t i o n may be a d e q u a t e l y d e s c r i b e d up t o 
1000TeV, w i t h o n l y a s m a l l i n c r e a s e i n t r a n s v e r s e momentum. 
C l e a r l y t h e r e i s s t i l l a r e q u i r e m e n t f o r i n v e s t i g a t i o n o f EAS, 
perhaps by r e c o r d i n g s i m u l t a n e o u s measurements o f each shower by 
d i f f e r e n t e x p e r i m e n t s . Any d e d u c t i o n s made f r o m t h e d a t a r e l y on t h e 
q u a l i t y o f t h e measurement and t h e u n d e r s t a n d i n g o f t h e assu m p t i o n s made 
i n t h e a n a l y s i s . T h i s t h e s i s c o n t a i n s an account o f t h e s t e p s t a k e n t o 





Chapter 1 has i l l u s t r a t e d the existence of several areas of 
interest about which the further study of EAS may shed some additional 
l i g h t . Many arrays have been b u i l t i n the past 20 years i n pursuit of 
th i s aim, with very d i f f e r e n t geometries, at d i f f e r e n t a l t i t u d e s , 
and with d i f f e r e n t detecting elements, ranging from s c i n t i l l a t i o n 
counters, to arrays of Geiger Muller Tubes, to estimate the local 
p a r t i c l e density. 
The Durham array, the p a r t i c l e detectors, t h e i r c a l i b r a t i o n , and 
the laboratory electronics, are described. 
2.2 THE DURHAM ARRAY 
Preliminary work began on the Durham array i n 1973 and during the 
following three years, a l l of the fourteen p l a s t i c s c i n t i l l a t o r 
detectors o r i g i n a l l y planned, were completed. The array was intended 
not only to provide information on EAS i n the form of shower size, 
di r e c t i o n and core position i n a 'Stand Alone' mode, but also to 
provide shower data f o r the other EAS experiments i n Durham, such as 
MARS, the Muon Automated Research Spectrograph (described i n d e t a i l i n 
Atjre, 1S71 and Whalley 1S74), and the Hadron Chamber (Cooper 1974). 
The array was therefore b u i l t to provide a f l e x i b i l i t y i n opera-
t i o n a l modes and fast data c o l l e c t i o n , with the storage of a i r shower 
event information i n a d i g i t a l form, f o r subsequent computer analysis. 
Work by Smith (Smith 1976) showed that the array geometry and the 
detector density measuring range adopted would provide useful exten-
sive a i r shower information i n the range 10^ to 10^ p a r t i c l e s . A 
plan view of the array i s shown i n Fig. 2.1. The approximate symmetry 
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of shower analysis adopted, but i s useful i n daily detector monitoring 
and f a u l t f i n d i n g procedures. 
2.2.1 The Detectors 
The detectors are of two types: Liquid S c i n t i l l a t o r Tanks (a f u l l 
description of these detectors and c a l i b r a t i o n may be found i n Shaat 
1975), and p l a s t i c s c i n t i l l a t o r s of various designs housed i n e l e c t r i c -
a l l y screened l i g h t proof wooden boxes, raised from the ground on a 
metal frame and protected from the weather by a wooden hut, the t o t a l 
2 
thickness of absorber above the s c i n t i l l a t o r being around 2g/cm . The 
main characteristics of the p l a s t i c s c i n t i l l a t o r s are shown i n Table 2.1 
and a schematic of each construction i n Figure 2.2. 
The output from each pl a s t i c s c i n t i l l a t i o n detector i s taken from 
a high input impedance, low output impedance amplifier situated at 
each detector s i t e and t h i s provides a density measurement i n the 
range of from 1 to 80 particles/m^. Note that the timing information 
from each of the timing detectors (C, 11, 13, 31, 33, 51, 53) i s pro-
vided by an additional independent fast photomultiplier tube, one on 
each s c i n t i l l a t o r slab. Details of the photomultiplier l i n e a r i t y , 
base c i r c u i t s , head amplifier design, and EHT d i s t r i b u t i o n , may be found 
i n Smith 1976. 
2.2.2 Calibration of the Plastic S c i n t i l l a t o r Density Detectors 
Each detector used during the period of data collec t i o n relevant 
to t h i s thesis, has been i n d i v i d u a l l y calibrated. I t was decided, for 
ease of c a l i b r a t i o n , to adjust each density detector 'Single p a r t i c l e 
response' to * 20% of the values tabled i n Smith 1976, and to reduce 
the variation further i n the analysis treatment. A similar method to 
that described i n Smith 1976 was used to calibrate each detector; a 
V — o 
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Table 2.1: Main Characteristics of Each of the 4 Types of Plastic 
S c i n t i l l a t o r Detectors Used i n the Durham Array 
Detector Total Area Number of Slabs Number of Photomultipliers 
(m 2) of S c i n t i l l a t o r Viewing Each Slab 
Fast Timing 
C 0.76 2 2 Yes 
11,13,31,33, 2.00 1 4 
51,53 
Yes 
12,42,61,62 1.6 4 1 No 
32,41,52 1.0 4 1 No 
Table 2.2: Calibration Information For The Plastic 
S c i n t i l l a t o r Detectors 
Detector Ratio of Pulse Height at Calibration Point M i l l i v o l t Corresponding to 
to Mean Pulse Height Over Whole Area (g) 1 particle/m 2 for each 
detector 
C 0.89 89 
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200 
Figure 2.3: Typical 'Single p a r t i c l e d i s t r i b u t i o n ' obtained from one 
quarter of detector 61, during c a l i b r a t i o n . The amplifier and photo-
m u l t i p l i e r noise has been excluded at the low end. 
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23 cm x 23 cm x 3 cm p l a s t i c s c i n t i l l a t o r telescope was used as a 
gate f o r a pulse height analyser (PHA), measuring the voltage pulses 
from the detector under examination. The resultant c a l i b r a t i o n d i s t r i -
butions, one f o r each piece of p l a s t i c s c i n t i l l a t o r were then stored 
on paper tapes f o r further processing. Figure 2.3 shows a t y p i c a l 
'Single p a r t i c l e d i s t r i b u t i o n ' for one quarter of detector 61 obtained 
i n t h i s manner. 
2.3 PROCESSING OF THE CALIBRATION COEFFICIENTS 
The d i s t r i b u t i o n shown i n Figure 2.3 represents a single p a r t i c l e 
response, polluted by a small f r a c t i o n of multiple p a r t i c l e s , obtained 
at a particular localised position i n one of the slabs o f s c i n t i l l a t o r , 
and i s produced by pa r t i c l e s a r r i v i n g at a l l angles within the s o l i d 
angle of acceptance of the telescope and s c i n t i l l a t o r . The value of 
interest f o r conversion from observed voltage to p a r t i c l e density i s 
the mean of 1 v e r t i c a l particle/m^ averaged over the whole detector. 
This number was obtained f o r each detector, s t a r t i n g from the d i s t r i -
butions measured i n § 2.23 according to the steps outlined i n Figure 
2.4. Each of the assumptions made i s discussed below. No attempt was 
made to obtain the actual shape of the f i n a l d i s t r i b u t i o n of i n t e r e s t . 
2.3.1 Effect of Multiple Particles 
The p o l l u t i o n of the d i s t r i b u t i o n s , of the type shown i n Figure 
2.3, by multiple p a r t i c l e s was neglected. Smith (Smith 1976) showed 
t h i s to be of the order of 3% f o r the present detectors ; an error which 
i s much less than that produced by other sources. 
2.3.2 Detector Uniformity 
The uniformity of each type of detector was measured by Treasure 
(Treasure 1980) a s follows. The 'Single p a r t i c l e ' d i s t r i b u t i o n mean 
Figure 2.4: Processing of Calibration Information For Each Detector 
Measure the mean of the 'Single Particle D i s t r i b u t i o n ' 
obtained using PHA and telescope, f o r each s c i n t i l l a t o r 
slab. 
Use 'g values' measured f o r each 
detector type , 
Calculate the d i s t r i b u t i o n mean fo r the 
whole s c i n t i l l a t o r slab 
Use ratio of mean of 'All angles'to 
Vertical only^ assumed to be 
detector independent 
Calculate d i s t r i b u t i o n mean f o r vertical 
p articles only, whole s c i n t i l l a t o r slab 
Average the means from each s c i n t i l l a t o r 
slab d i s t r i b u t i o n 
Calculate d i s t r i b u t i o n mean for vertical p a r t i c l e s , 
over the whole detector 
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was measured using one 23 cm x 23 cm telescope at selected areas of 
the s c i n t i l l a t o r . A uniformity map was then plotted, and the average 
response, obtained by integration over the area of the detector, was 
compared to the response at the c a l i b r a t i o n point. The resultant 'g' 
values (the response at the c a l i b r a t i o n point/average response) are 
shown i n Table 2.2. 
2.3.3 ' A l l Angles' to Vertical Ratio 
The 'Single p a r t i c l e d i s t r i b u t i o n ' was obtained at the c a l i b r a t i o n 
point using one 23 x 23 cm telescope. A second similar telescope was 
placed \\ m v e r t i c a l l y above the f i r s t and the two telescopes were 
used i n a coincidence mode to gate the density pulses from the 
detector intoaPHA. The resultant r a t i o of ' a l l angle' to !v e r t i c a l 
only' response was assumed to be constant f o r a l l detectors calibrated 
using similar telescopes positioned at equal distances above the 
s c i n t i l l a t o r . 
2.3.4 Whole Detector Response 
The mean of the whole detector, single p a r t i c l e response, was 
obtained by averaging the individual means obtained from each 
s c i n t i l l a t o r forming the detector. This i s permissable since the 
areas of each s c i n t i l l a t o r slab i n any one detector are equal. 
2.3.5 Errors i n the Final Calibration Figures 
No attempt was made to calculate the f i n a l v e r t i c a l p a r t i c l e , whole 
detector d i s t r i b u t i o n shapes, but i t has been assumed, f o r the purposes 
of simulation, that they have a similar shape to that shown i n Figure 
2.3. This i s reasonable, since the parameters of each d i s t r i b u t i o n 
added i n & 2.3.4 were approximately equal i n any one detector. 
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The f i n a l voltage to p a r t i c l e density conversion figures are shown 
i n Table 2.2. The error i n each i s estimated to be 15 per cent, a r i s i n g 
primarily from the error on the measurement of the detector uniformity 
and the estimation of the mean of the single p a r t i c l e d i s t r i b u t i o n s 
themselves. This i s the result of a r t i f i c i a l l y i n s e r t i n g cut o f f 
points i n the d i s t r i b u t i o n s : one at the lower end to exclude photomulti-
p l i e r and head amplifier noise, and a second at the upper end,set by 
the range of the PHA. 
2.4 THE DATA HANDLING ELECTRONICS 
The data from an a i r shower event arrives i n the laboratory i n 
the following form; the density information as a set of voltage pulses, 
and the timing information as time differences between pulses from 
d i f f e r e n t detectors. The technique used i s to convert a l l the measured 
parameters describing the a i r shower, (the density pulses and di r e c t i o n a l 
information) to a d i g i t a l form, usually binary. These binary numbers 
are then stored together with 'book-keeping' information, such as array 
trigger mode, event number, run number and time of event, i n a magnetic 
Tltflorij, which i s serviced p e r i o d i c a l l y by a computer. This form of data 
co l l e c t i o n i s f a s t , and allows treatment of high event rates with very 
low dead time. 
Figure 2.5 i l l u s t r a t e s our experimental set up. Each section w i l l 
now be described i n d e t a i l . 
2.4.1 Timing Information 
The timing information arrives i n t o the laboratory on 50 Q cable 
as a set of 5 ns wide gaussian pulses d i r e c t l y from the fast photomulti-
p l i e r tubes on each of the timing detectors. These pulses, a r i s i n g from 
both photomultiplier tube noise and the detection of real p a r t i c l e s , 
Timing i V , 































































Figure 2 .5 : Block diagram of the array electronics 
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are amplifisd and discriminated, to produce a rate of 200 pulses/second 
approximately. This rate was regarded by the author to be high enough 
to produce good timing e f f i c i e n c y s t a t i s t i c s , (the percentage of events 
with timing information), but low enough to keep the number of spurious 
readings, misinterpreted by the array as real data, to an acceptable 
l e v e l . 
The cable lengths from each of the detectors have been arranged 
such that the fast pulse from detector C always arrives i n the laboratory 
f i r s t , with the pulses from each of the other detectors delayed by an 
amount dependent on the cable length difference r e l a t i v e to detector 
C, the detector coordinates and the shower d i r e c t i o n . These positive 
time differences are then converted to 5 |j,s wide 0 - 5 V pulses using 
time to amplitude convertors (TAC's),5 V corresponding to around 500 ns. 
The fast pulse from detector C i s used to s t a r t a l l 6 TAC's supported 
by the array electronics. Each TAC i s stopped by a fast pulse from 
i t s own dedicated timing detector. The res u l t i n g analogue outputs 
are delayed and are available f o r measurement at the multiplexer inputs, 
2 — 3 |i,s a f t e r the stop pulse has occurred. Each TAC used i n the experi-
ment has been calibrated i n d i v i d u a l l y , and the resultant curves of time 
difference against output voltage have been included i n the analysis 
and simulation programmes. 
2.4.2 The Density Information 
The density information arrives i n the laboratory along 50 Q 
cable as a set of 300 ns r i s e time, 20 ^s decay time, exponential 
pulses, each pulse height being related to the measured density at 
each detector. After an event has been established, these pulses are 
sampled at the input to the analogue multiplexer. For monitoring 
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purposes, the pulses are buffered and discriminated at 400 mV f o r 
detector C and 200 mV f o r a l l other detectors. The rates of these 
discriminated pulses are measured, both i n d i v i d u a l l y and i n predefined 
coincidences, to provide d a i l y detector f a u l t diagnostics. 
2.4.3 The Analogue Multiplexer and D i g i t a l Storage 
The shower information arrives i n the laboratory i n p a r a l l e l , the 
TAC information and density pulses a l l w i t h i n 2 p,s time spread. Each 
of the TAC outputs and the 22 density measurements i s sampled and held 
at the input to an analogue multiplexing system on receipt of a 'Hold' 
command. The pulse i s generated by the coincidence u n i t ( §2.5.1) and 
occurs approximately 3 ^ s a f t e r the shower passes through the central 
detector. Each of the multiplexer inputs i s then strobed through a 
common 10 b i t analogue to d i g i t a l convertor (ADC) and stored together 
with d i g i t a l book-keeping information as an 'Event', a series of 88 
8 b i t words, i n a Mullard MM1501 core store. This buffer may contain up 
to a maximum of 11 events before i t requires servicing by the online 
1130 computer, which transfers the contents of the core store to 
magnetic disc. 
The conversion and storage of one event takes less than 2 ms, the 
rate determining step being the ADC convers i on time. The 1130 computer 
takes approximately 300 ms to complete the transfer of data. More detai l s 
of DUST, the device to control the process of w r i t i n g the d i g i t a l information 
in t o core, may be found i n Smith 1976. During both event storage and trans-
f e r of data to the 1130, the data acquisition electronics i s i n h i b i t e d . 
The Analogue Multiplexer unit was custom designed f o r use with the 
array by Nuclear Enterprises Limited, and consists of 3 x 8 input Nim 
standard analogue multiplexers (MPXR). The f i r s t MPXR i s a 'master' 
unit containing the logic to operate up to 11 'Slave' units. The master 
and slave units also contain logic to generate an in t e r n a l 'Hold' command 
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from a user defined coincidence of input signals, set on the front panel 
of each u n i t . This logic however i s not used. I t was decided, therefore, 
that an additional compatible MPXR unit could be designed very simply 
and added to the current system, providing 8 inputs f o r the planned 
l i q u i d s c i n t i l l a t o r tanks. 
2.4.4 The Liquid S c i n t i l l a t o r Tank MPXR 
Figure 2.6 shows a schematic diagram of the operation of the MPXR 
un i t , b u i l t by the author to provide 8 additional data inputs for the 
l i q u i d s c i n t i l l a t o r tanks added to the array i n 1976 (Shaat 1979). 
The unit was b u i l t on 'Veroboard' and housed i n a NIM standard 
module. The design i s simple; a low leakage 100 pF polystyrene capacitor 
samples the input pulse at around 10 MHZ. On receipt of a Hold pulse, 
the FET switch o y a e a s , and the charge on the capacitor leaks to earth 
with a long time constant through the p a r a l l e l resistances of the FET 
switch 'off'resistance and the source follower input impedance. The 
value of the signal on each input at 'Hold' time may then be measured 
by strobing each s e r i a l l y through the analogue 8 to 1 line multiplexer 
chip by supplying sequential 3 b i t addresses. 
This MPXR was found to be much poorer i n performance than the 
commercially b u i l t units i n characteristics such as of f s e t , l i n e a r i t y , 
droop and sample to hold o f f s e t . A l l of these l i m i t a t i o n s i n perform-
ance, however, may be taken i n t o account i n the c a l i b r a t i o n of the 
laboratory electronics ( § 4.5.2). 
2.5 MODIFICATIONS TO THE LABORATORY ELECTRONICS PRIOR TO THE 
DATA COLLECTION PERIOD 
Several errors were found i n array data collected immediately 
before May 1977. These took the form of a deviation of approximately 
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detector. The measures adopted to cure t h i s f a u l t are outlined 
below. 
2.5.1 The Coincidence Unit 
I t was thought that the error i n the efficiency of the t r i g g e r i n g 
detectors may be the result of pick-up i n the coincidence unit which 
established an event. A replacement unit was designed and b u i l t by the 
author, and used during the co l l e c t i o n of the data presented i n t h i s 
thesis. 
The u n i t was designed to operate i n either of two modes: X 8 or 
2 X 4 
X 8 Mode - An 'n f o l d ' coincidence may be demanded between detectors 
selected b y f r o n t panel switches. One tri g g e r and f l a g are provided. 
2 X 4 Mode - Two groups of detectors (with one common detector) may 
be selected, each with a separate trigger and f l a g . 
I t was envisaged that the unit would f i n a l l y be used i n the 
2 X 4 mode, providing array triggers from both outer and inner r i n g 
coincidences, (c 13, 33, 53 and C 11, 31, 51 respectively). 
One other requirement i n the design was that the f i n a l coincidence 
TRIG OUT pulse should have a narrow time spread with respect to the 
time of the shower passing through the central detector. By using the 
fast pulse from C as a time marker, the time j i t t e r of the output 
pulse was reduced from 1 ^ s to 75 ns. Figure 2.7 shows the operation 
of the u n i t , with the function of each section labelled. Coincidences 
are formed i n the normal manner, either X 8 or 2 X 4 depending on the 
front panel switch s e t t i n g . The 500 ns, delayed fast central detector 
pulse i s used as a time marker to provide the required TRIG OUT and 
f l a g pulses. Should a fast pulse not a r r i v e , as may happen i n less 
than 2 per cent of Che events, the unit defaults to normal operation 
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p r o v i d i n g a ' d e f a u l t f l a g ' . A t r i g g e r i s p r o v i d e d t h r o u g h d e l a y s 2 and 
3. Delays 1, 2 and 3 were a d j u s t e d t o be l o n g enough ( 3 . 2 ^ s ) t o a l l o w 
a l l TAC p u l s e s t o be c o r r e c t l y s t o r e d . 
2.5.2 B u f f e r Amp 
I t was f o u n d t h a t t h e a r r a y ADC r e t u r n e d an 0 v a l u e f o r i n p u t 
v o l t a g e s above 5 V on t h e s e t t i n g used. I t was t h o u g h t t h a t t h i s may 
be a p o s s i b l e cause o f t h e e f f i c i e n c y e r r o r s i n t h e a r r a y d a t a . A 
b u f f e r amp o f g a i n 1 was b u i l t , i n p u t impedence a p p r o x i m a t e l y 1 KQ, low 
o u t p u t impedence, s a t u r a t i n g a t 4.8V o u t p u t . T h i s was i n s e r t e d between 
t h e MPXR o u t p u t and t h e ADC i n p u t . 
2.5.3 S t a n d a r d V o l t a g e L e v e l 
A s t a n d a r d v o l t a g e l e v e l was measured a t each e v e n t and t h e r e s u l t 
was s t o r e d w i t h t h e e v e n t d a t a u s i n g a spare m u l t i p l e x e r i n p u t , i n an 
a t t e m p t t o m o n i t o r any o v e r a l l change i n g a i n o f t h e system. I t was 
de c i d e d t o make t h i s r e f e r e n c e more a c c u r a t e t h a n t h e s t a n d a r d TTL p u l s e 
used up t o t h i s p o i n t . A 6.2 V Z e n e r d i o d e , d r i v e n by a c o n s t a n t c u r r e n t 
o f around 1 MA was used. The whole c i r c u i t was e n c l o s e d i n a c o n s t a n t 
t e m p e r a t u r e b a t h a t 75° C. T h i s l e v e l was measured a t t h e s t a r t o f 
each r u n , and was found t o be c o n s t a n t a t 6.84 t .01 V. 
SUMMARY 
T h i s c h a p t e r has d e s c r i b e d t h e Durham EAS a r r a y , f r o m t h e d e t e c t o r s , 
t h r o u g h t o t h e raw d a t a on computer d i s c . Each as s u m p t i o n i n t h e d e r i -
v a t i o n o f t h e d e t e c t o r c a l i b r a t i o n c o e f f i c i e n t s has been d i s c u s s e d . 
L i m i t a t i o n s o f t h e l a b o r a t o r y e l e c t r o n i c s have been o u t l i n e d . I t i s 
hoped t h a t t h e b i a s e s i n t h e d a t a i n t r o d u c e d by t h e measuring e l e c t r o n i c s 
a r e w e l l enough u n d e r s t o o d t o be t a k e n o u t i n t h e t r e a t m e n t o f t h e d a t a 
a t t h e a n a l y s i s s t a g e . 
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CHAPTER 3 
THE DATA CHECKS 
T h i s c h a p t e r d e s c r i b e s t e c h n i q u e s w h i c h have been used t o v e r i f y t h a t 
c o l l e c t e d d a t a i s e r r o r f r e e . . The checks a r e a l l p e r f o r m e d on 'Raw' 
d a t a , p r i o r t o a n a l y s i s . 
3.1 INTRODUCTION 
Data f r o m any complex e x p e r i m e n t may n o t be f i n a l l y a n a l y s e d u n t i l 
months a f t e r t h e c o l l e c t i o n d a t e . Because o f t h i s l o n g t u r n a r o u n d t i m e , 
i t i s i m p o r t a n t t h a t d a t a e r r o r s s h o u l d be d e t e c t e d a t an e a r l y s t a g e i n 
t h e d a t a c o l l e c t i o n / a n a l y s i s sequence, and t h a t t h e e x p e r i m e n t s h o u l d r u n 
under w e l l d e f i n e d c i r c u m s t a n c e s , w i t h as many c r i t i c a l v a r i a b l e s as pos-
s i b l e b e i n g measured d u r i n g t h e d a t a c o l l e c t i o n p e r i o d . O n l i n e d a t a 
c o l l e c t i o n i s p a r t i c u l a r l y s u i t e d t o t h i s a p p r o a ch, s i n c e t h e f a u l t 
coverage of s i m p l e c h e c k i n g r o u t i n e s may be c o n s i d e r a b l y i n c r e a s e d by 
t h e m a n i p u l a t i o n o f t h e s t o r e d c o l l e c t e d d a t a by computer programme. 
3.1.1 Data C o l l e c t i o n P e r i o d s 
The d a t a p r e s e n t e d i n t h i s t h e s i s have been d i v i d e d i n t o two ba t c h e s 
c o n t a i n i n g a p p r o x i m a t e l y e q u a l numbers of e v e n t s . The c o n d i t i o n s under 
w h i c h each b a t c h was c o l l e c t e d a r e shown i n T a b l e 3.1. The main d i f f e r -
ence between t h e two g r o u p i n g s i s t h e i n c l u s i o n i n t h e second b a t c h o f 
t h e i n n e r r i n g 2 m^ d e t e c t o r s , 11, 3 1 , 51 p r o v i d i n g a d d i t i o n a l d e n s i t y 
and t i m i n g i n f o r m a t i o n . A second a r r a y t r i g g e r i s a l s o p r o v i d e d f r o m 
t h e c o i n c i d e n c e C, 11 , 3 1 , 5 1 , i n c r e a s i n g t h e e v e n t r a t e f r o m 5 t o 15 
ev e n t s per h o u r . 
The d a t a c h e c k i n g p r o c e d u r e s can be d i v i d e d i n t o t h r e e t y p e s ; c h e c k i n g 
f o r t r i v i a l e r r o r s , c h e c k i n g o f d a t a c o l l e c t e d i n each 12 hour r u n , and 
c h e c k i n g o f groups o f 1500 - 2000 e v e n t s . 
3.1.2 Checking f o r T r i v i a l F a u l t s 
The d a t a were c o l l e c t e d i n b a t c h e s , each o f a p p r o x i m a t e l y 12 hours 
d u r a t i o n . B e f o r e s t a r t u p o f each r u n , t h e o p e r a t i o n o f t h e l a b o r a t o r y 
e l e c t r o n i c s was checked by s t o r a g e and r e a d o u t o f b o t h book-keeping and 
TABLE 3.1 
DATA COLLECTION CONDITIONS 




TOTAL NUMBER OF 
EVENTS COLLECTED 
D e n s i t y C, 13, 33, 53, 
32, 4 1 , 42, 52 
61, 62 
T i m i n g 1 1 , 13, 3 1 , 33 
53 
C, 1 1 , 13, 3 1 , 33, 51 , 53 
12, 32, 4 1 , 42, 52, 6 1 , 62 
11. 13, 3 1 , 33, 53 
C, 13, 33, 53 
( o u t e r r i n g ) 
112 - 117 
C, 11 , 3 1 , 51 ( i n n e r r i n g ) 
C, 13, 33, 53 ( o u t e r r i n g ) 
121 - 126 
8388 10,185 
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analogue d a t a . The d e n s i t y d e t e c t o r r a t e s above a p r e s e l e c t e d d i s c r i m -
i n a t o r t h r e s h o l d were measured, and t h e r a t e s o f t h e f a s t d i s c r i m i n a t e d 
p u l s e s f r o m each t i m i n g d e t e c t o r were measured and a d j u s t e d t o l e s s t h a n 
200 c o u n t s / s e c i f n e c e s s a r y . T h i s sequence o f checks was f o u n d t o l o c a t e 
t h e m a j o r i t y o f t r i v i a l e r r o r s . The s t o r a g e o f e v e n t s on 1130 d i s c and 
c h e c k i n g programmes r u n on these d a t a w i l l now be d e s c r i b e d . 
3.2 THE 1130 DATA 
S e c t i o n ^ 2 . 4 . 3 has d e s c r i b e d how da.ta.cuQ d i g i t i s e d and f i n a l l y w r i t t e n 
o n t o m a g n e t i c d i s c . The d i g i t i s e d d a t a f r o m t h e a r r a y appear on 1130 
d i s c as a s e q u e n t i a l f i l e c o n t a i n i n g e v e n t s i n t e r s p e r s e d w i t h v a r i o u s 
i d e n t i f i e r and end codes. A t y p i c a l example o f an a i r shower e v e n t i s 
shown i n F i g u r e 3.1 w i t h c o r e i d e n t i f i e r s d e l e t e d f o r c l a r i t y . The d a t a 
are- i n h e x a decimal f o r m a t . Each group o f f o u r d i g i t s r e p r e s e n t s a 16 b i t 
word w h i c h would be s t o r e d i n two s e q u e n t i a l addresses i n t h e a r r a y c o r e 
s t o r e . 
3.2.1 D a i l y Checking 
A f t e r each d a t a c o l l e c t i o n p e r i o d c o n t a i n i n g around 100 e v e n t s , checks 
a r e r u n on t h e d a t a b e f o r e f i n a l s t o r a g e on d i s c . These a r e done by a 
programme r u n n i n g on t h e IBM 1130. The checks a r e l i s t e d below. 
( a ) ' F a i l e d e v e n t s ' a r e p r i n t e d . (Any event i n w h i c h a v a l u e o f 0 
votti has been measured a t a t r i g g e r i n g d e t e c t o r i s termed a 
' F a i l e d e v e n t ' ) . 
( b ) A r r a y t r i g g e r f l a g c o m b i n a t i o n s a r e p r i n t e d . I f t h e a r r a y may be 
t r i g g e r e d i n s e v e r a l modes, u s e f u l d i a g n o s t i c s may be o b t a i n e d by 
c a r e f u l d a i l y m o n i t o r i n g o f t h e r a t e s of each t r i g g e r . 
( c ) H i s t o g r a m s o f t h e d a t a c o l l e c t e d a t each m u l t i p l e x e r i n p u t d u r i n g 
t h e r u n , a r e p r i n t e d . The s t a t i s t i c s a r e n o r m a l l y n o t good enough 
t o p r o v i d e i n f o r m a t i o n a bout d e t e c t o r c a l i b r a t i o n d r i f t ; b u t u s e f u l 
i n f o r m a t i o n may be o b t a i n e d about d e t e c t o r e f f i c i e n c y , d r i f t o f ADC 
g a i n and p i c k u p on any unused i n p u t . 
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3.3 BULK CHECKING OF MTS FILES 
Groups o f e v e n t s w h i c h have passed t h e two l e v e l s o f checks 
d e s c r i b e d above, a r e f i n a l l y t r a n s f e r r e d t o t h e Northumbr:an U n i v e r s i t y 
M u l t i p l e Access Computer (NUMAC) r u n n i n g under t h e M i c h i g a n T e r m i n a l 
System(MTS) f o r o f f l i n e a n a l y s i s . E v e nts c o l l e c t e d under s i m i l a r r u n 
c o n d i t i o n s may be c o n v e n i e n t l y grouped i n t o MTS f i l e s , c o n t a i n i n g 1500-
2000 e v e n t s . T h i s number i s a compromise between s t a t i s t i c a l a c c u r a c y 
and computer s t o r a g e l i m i t a t i o n s . A t t h i s p o i n t a more a c c u r a t e e s t i -
m a t i o n may be made o f t h e d e t e c t o r e f f i c i e n c i e s , mean p u l s e h e i g h t s and 
ADC d r i f t . I n a d d i t i o n , p arameters f o r l a t e r use by b o t h t h e a n a l y s i s 
and s i m u l a t i o n programmes may be a s c e r t a i n e d . T h i s i s done by a check-
i n g programme u s i n g t h e raw d a t a MTS f i l e s as i n p u t . The main f e a t u r e s 
of t h e programme a r e d i s c u s s e d below. 
3.3.1 A n a l y s i s o f F l a g Combinations 
F i g u r e 3.2 i l l u s t r a t e s a t y p i c a l o u t p u t showing t h e f l a g c o m b i n a t i o n s 
f r o m a f i l e o f d a t a c o l l e c t e d u s i n g two a r r a y t r i g g e r s ; o u t e r r i n g (04 
f l a g ) and i n n e r r i n g (02 f l a g ) . As e x p e c t e d , t h e number o f ' o u t e r 
r i n g o n l y - t r i g g e r s ' i s low, s i n c e each o u t e r r i n g t r i g g e r w o u ld be 
exp e c t e d t o t r i g g e r t h e i n n e r r i n g . The pe r c e n t a g e o f f a s t t i m i n g d e f a u l t 
f l a g s i s l e s s t h a n 2 pe r c e n t o f t h e m a j o r i t y o f d e f a u l t s o c c u r r i n g w i t h 
i n n e r r i n g o n l y t r i g g e r s . The programme has been w r i t t e n t o a l l o w 
v a r i o u s t r i g g e r f l a g c o m b i n a t i o n s t o be s e l e c t e d e i t h e r i n a f l a g 
p rescence o r e x a c t f l a g c o m b i n a t i o n mode. 
3.3.2 MPXR I n p u t Pulse H e i g h t D i s t r i b u t i o n s 
I n f o r m a t i o n may be o b t a i n e d by p l o t t i n g h i s t o g r a m s o f b o t h t i m i n g 
and d e n s i t y d a t a v a l u e s . c o l l e c t e d t h r o u g h o u t a r u n o f around 2000 
e v e n t s . F i g u r e 3.3 shows a d i s t r i b u t i o n o f t i m i n g v a l u e s o b t a i n e d f r o m 
d e t e c t o r 53 over a c o l l e c t i o n p e r i o d o f s e v e r a l weeks >under t h e 
F i g u r e 3.2: BULK FIAG CHECK ON A RAW DATA FILE CONTAINING 
1584 EVENTS COLLECTED UNDER AN OUTER AND INNER RING TRIGGER 
1584 EVENTS IN THIS FILE 
RUN. NOS. 121 122 
EVENT NOS. 1170616 1172214 
FLAG COMBINATIONS FOR 
0 1562 316 65 0 
O 1214 O 20 0 
1584 EVENTS 
A n a l y s i s o f 'Flag Presence' 
. . i n t r i g g e r words o f i n p u t e v e n t s 
(01,02,04,08 . . .) 
Exact a r i t h m e t i c c o m b i n a t i o n o f 
t r i g g e r mode d a t a gates o f 
i n p u t e v e n t s . 
(1,2,3,4,5 . . .) 
INNER RING TRIGGER: 02 FIAG 
OUTER RING TRIGGER: 04 FLAG 
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c o n d i t i o n s shown. Smi t h ( S m i t h 1S76) has shown t h a t t h e mean o f t h i s 
d i s t r i b u t i o n i s r e l a t e d t o t h e d i f f e r e n c e i n c a b l e d e l a y s between 
d e t e c t o r 53 and d e t e c t o r C and t o t h e Z c o o r d i n a t e d i f f e r e n c e between 
t h e s e d e t e c t o r s . The shape o f t h e h i s t o g r a m i s dependent p r i m a r i l y on 
t h e a n g u l a r d i s t r i b u t i o n o f showers t r i g g e r i n g t h e a r r a y , b u t t h e shape 
i s s l i g h t l y m o d i f i e d by t h e a r r a y t r i g g e r i n g p r o b a b i l i t y and t h e shower 
s i z e s p e c t r u m . The d i s t r i b u t i o n must however l i e w i t h i n t h e bounds 
d i c t a t e d by t h e maximum and minimum p h y s i c a l t i m e d i f f e r e n c e s f o r t h e 
d e t e c t o r p a i r C and 53. 
The mean and s t a n d a r d d e v i a t i o n s o f t i m i n g d i s t r i b u t i o n s w o u l d be 
exp e c t e d t o be c o n s t a n t t h r o u g h o u t a r u n where d a t a Cn-t- c o l l e c t e d under 
c o n s t a n t c o n d i t i o n s . F i g u r e 3.4 shows t h e t i m i n g means o f d e t e c t o r 53 
f o r s e q u e n t i a l r u n s , each c o m p r i s i n g a p p r o x i m a t e l y 1000 e v e n t s , c o l l e c t e d 
over a p e r i o d of e i g h t months. The t i m i n g means o f a l l o t h e r t i m i n g 
d e t e c t o r s were f o u n d t o be c o n s t a n t over t h i s p e r i o d w i t h i n e x p e r i m e n t a l 
e r r o r . 
F i g u r e 3.5 shows a h i s t o g r a m o f t h e d e n s i t y v a l u e s o b t a i n e d f r o m 
d e t e c t o r 33 d u r i n g r u n 113 . c o l l e c t e d under an o u t e r r i n g t r i g g e r . 
F i g u r e 3.6 shows a h i s t o g r a m o f d a t a f r o m d e t e c t o r 33 c o l l e c t e d under 
b o t h i n n e r and o u t e r r i n g t r i g g e r d u r i n g r u n 124. The f l a g demand i n 
F i g u r e 3.6 i s '02 presence'. The means o f t h e d i s t r i b u t i o n s a r e 
dependent on d e t e c t o r c a l i b r a t i o n , t r i g g e r i n g p r o b a b i l i t y and shower 
s i z e spectrum, b u t would be exp e c t e d t o be c o n s t a n t t h r o u g h o u t a r u n 
f o r a c o n s t a n t d e t e c t o r c a l i b r a t i o n . F i g u r e 3.7 shows t h e d e n s i t y 
means c a l c u l a t e d f o r d e t e c t o r 33 f r o m r u n s 112 t o 117. A l l o t h e r 
d e t e c t o r s used i n d a t a a n a l y s i s were f o u n d t o be c o n s t a n t t h r o u g h o u t 
t h i s p e r i o d w i t h i n e x p e r i m e n t a l e r r o r . 
3.3.3 D e t e c t o r S a t u r a t i o n Values 
The head a m p l i f i e r a t each d e t e c t o r was f o u n d t o s a t u r a t e a t a 
MEAN OF OfcT 
flee c/S. 
53 DIST. 
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3 6 0 
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3 5 0 \-
3 4 5 
3 4 0 
12 1 13 1 14 16 117 116 
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F i g u r e 3.5: MPXR Puls e H e i g h t D i s t r i b u t i o n f o r D e t e c t o r 33, O b t a i n e d From 
Run 113 Under an Outer R i n g T r i g g e r . Ich^lOmV 
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F i g u r e 3.6: MPXR Pu l s e H e i g h t D i s t r i b u t i o n f o r D e t e c t o r 33, O b t a i n e d From 
Run 124 Under an I n n e r and Outer R i n g T r i g g e r . Id) ~lOnV 
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d i f f e r e n t v a l u e dependent on s u p p l y v o l t a g e and a m p l i f i e r g a i n . I t i s 
i m p o r t a n t t h a t t h i s v a l u e s h o u l d be c o n s t a n t l y m o n i t o r e d t h r o u g h o u t 
t h e d a t a c o l l e c t i o n p e r i o d s i n c e t h e m i s i n t e r p r e t a t i o n o f a s a t u r a t e d 
d e t e c t o r measurement f o r r e a l d a t a c o u l d cause s i g n i f i c a n t e r r o r s 
d u r i n g a n a l y s i s . 
A t t h e s a t u r a t i o n o u t p u t v o l t a g e s o f each head a m p l i f i e r , p i l i n g 
up o f p u l s e s w i l l o c c u r . F i g u r e 3.8 shows an expanded view o f t h e t o p 
end o f t h e h i s t o g r a m o b t a i n e d f r o m d e t e c t o r 33 where t h i s e f f e c t may 
be e a s i l y seen. T h i s p r o v i d e s a c o n t i n u o u s a u t o m a t i c check on each 
d e t e c t o r s a t u r a t i o n v a l u e , a c c u r a t e t o t 15 c h a n n e l s , w h i c h i s i n d e p e n -
dent o f d e t e c t o r c a l i b r a t i o n and t r i g g e r mode. S a t u r a t i o n v a l u e s f o r 
each d e t e c t o r were o b t a i n e d as f o l l o w s . The p o s i t i o n o f t h e e q u i v a l e n t 
peak shown i n F i g u r e 3.8 was o b t a i n e d f o r each d e t e c t o r f r o m t h e 
expanded h i s t o g r a m . The s a t u r a t i o n v a l u e o f each d e t e c t o r was t h e n 
a r b i t r a r i l y a s s i g n e d a v a l u e o f 15 c h a n n e l s below t h i s . T h i s was 
n e c e s s a r y because o f t h e f i n i t e w i d t h o f t h e peaks and i n a d d i t i o n 
e nsures t h a t no s a t u r a t e d measurement would e v e r be used as a r e a l 
measurement i n t h e a n a l y s i s . Where d i f f e r e n t s a t u r a t i o n v a l u e s have 
been c a l c u l a t e d f o r any d e t e c t o r d u r i n g a l o n g s e r i e s o f r u n s , t h e 
minimum v a l u e c a l c u l a t e d was chosen. 
3.3.4 D i s c r i m i n a t i o n L e v e l Check 
F i g u r e 3.9 shows an expanded view o f t h e lower end o f t h e h i s t o g r a m 
shown i n F i g u r e 3.5. For a t r i g g e r i n g d e t e c t o r , no p u l s e s s h o u l d o c c u r 
below t h a t d e t e c t o r ' s d i s c r i m i n a t i o n l e v e l and a s h a r p c u t - o f f edge 
s h o u l d o c c u r . I n p r a c t i c e t h i s edge i s rounded because of measurement 
n o i s e w h i c h reduces t h e a c c u r a c y o f t h i s t e c h n i q u e t o 30 mV a p p r o x i m a t e l y . 
S i n c e t h e d e t e c t o r d i s c r i m i n a t i o n l e v e l s may be measured t o b e t t e r t h a n 
5 mV i n t h e l a b o r a t o r y , i t was d e c i d e d t h a t t h i s h i s t o g r a m method w o u l d 
be used as a v i s u a l check o n l y . 
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3.3.5 F a s t T i m i n g P r o b a b i l i t y 
F a s t t i m i n g p u l s e s f r o m each d e t e c t o r a r e p r o v i d e d by an ind e p e n d e n t 
f a s t p h o t o m u l t i p l i e r t u b e . The p r o b a b i l i t y o f g e n e r a t i n g a f a s t p u l s e 
d u r i n g an e v e n t depends on t h e d e n s i t y measured by t h e d e t e c t o r and 
t h e e f f i c i e n c y o f t h e f a s t t u b e . Curves o f t h i s p r o b a b i l i t y v e r s u s 
d e n s i t y measured were o b t a i n e d as f o l l o w s . By s c a n n i n g raw d a t a , d e n s i t y 
v a l u e s o b t a i n e d f r o m any t i m i n g d e t e c t o r were grouped i n t o b i n s . For 
each b i n , t h e p e r c e n t a g e o f e v e n t s c o n t a i n i n g TAC p u l s e s f r o m t h a t 
d e t e c t o r , u a s o b t a i n e d . An example o f a c u r v e o b t a i n e d f o r d e t e c t o r 53 
f r o m raw d a t a c o m p r i s i n g RUN 113 i s shown i n F i g u r e 3.10. T h i s method 
assumes t h a t f a s t d e t e c t o r C i s 100 per c e n t e f f i c i e n t . The shape of 
each f a s t d e t e c t o r p r o b a b i l i t y c u r v e o b t a i n e d i n t h i s manner may be 
used as i n p u t t o t h e s i m u l a t i o n programmes, d e s c r i b e d i n Chapter 5. 
3.3.6 Time o f Event I n f o r m a t i o n 
The 'Time o f E v e n t ' i s c o n t a i n e d i n each e v e n t i n t h e raw d a t a . 
I n a d d i t i o n t o c h e c k i n g f o r n e g a t i v e t i m e d i f f e r e n c e e r r o r s , t h i s a l l o w s 
a u t o m a t i c p l o t t i n g o f a measured v a r i a b l e a g a i n s t t i m e , u s e f u l i n l o n g 
t e r m f a u l t i n v e s t i g a t i o n s . H i s t o g r a m s o f t h e t i m e d i f f e r e n c e between 
e v e n t s may a l s o be p l o t t e d . F i g u r e 3.11 shows one such h i s t o g r a m from 
e v e n t s c o m p r i s i n g runs 113 - 114 c o l l e c t e d under an o u t e r r i n g t r i g g e r . 
The p e r c e n t a g e o f e v e n t s l o s t by any o t h e r e x p e r i m e n t w i t h a l o n g dead 
t i m e , r u n n i n g i n c o n j u n c t i o n w i t h t h e a r r a y may be e s t i m a t e d f r o m t h i s 
p l o t . 
3.4 SUMMARY 
I n t e r m e d i a t e c h e c k i n g o f d a t e o b t a i n e d f r o m a complex e x p e r i m e n t 
i s n e c e s s a r y t o d e t e c t e r r o r s w h i c h may o t h e r w i s e cause c o r r u p t i o n of 
l a r g e amounts o f d a t a . Checks done on t h e a r r a y d a t a have been d e s c r i b e d , 
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from simple d a i l y manual checks, to computerised bulk checking of data 
c o l l e c t e d over periods of weeks. This bulk checking also provides 




THE DATA ANALYSIS PROCEDURE 
4.1 INTRODUCTION 
Previous chapters have shown how EAS data cure, c o l l e c t e d and a*-e_ 
f i n a l l y stored on an IBM 370/168 a f t e r s a t i s f y i n g various l e v e l s of 
checking, t o be analysed a t a l a t e r date. This chapter describes the 
ana l y s i s technique, and some p r e l i m i n a r y r e s u l t s are presented. 
4.2 AIMS OF THE ANALYSIS 
The aim of the a n a l y s i s procedure i s t o de r i v e as much i n f o r m a t i o n 
about each a i r shower event as possible from the data contained i n t h a t 
event. I n t h i s experiment such parameters include: 
(a) Shower a r r i v a l d i r e c t i o n 
(b) Shower core p o s i t i o n 
( c ) E l e c t r o n shower s i z e . 
The analysed r e s u l t s must be as accurate as pos s i b l e , hence as 
many known systematic biases as possible i n the data must be removed 
at t h i s stage. Also a broad view of the operation of the an a l y s i s 
procedure i s necessary t o allow o p t i m i s a t i o n of the performance of the 
technique. 
A f t e r the i n f o r m a t i o n i s obtained from each event, bulk parameters 
may be ascertained from groups of events. These include the angular 
d i s t r i b u t i o n of EAS, s p e c t r a l shape measurement and s t r u c t u r e f u n c t i o n 
measurement. 
4.3 METHODS OF ANALYSIS 
The methods of data a n a l y s i s used by other groups vary i n d e t a i l , 
but the aim of each technique i s t o de r i v e as accurate an estimate as 
possible of the p h y s i c a l parameters of i n t e r e s t w i t h i n the s t a t i s t i c a l 
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l i m i t a t i o n s of the data. W i l l i a m s ' method of i n t e r s e c t i n g l o c i 
(Williams 1948) has been popular i n the past where small amounts of 
data may be conveniently analysed manually. The a v a i l a b i l i t y of 
powerful computing f a c i l i t i e s has meant t h a t numerical m i n i m i s a t i o n 
techniques are now the most widely used. 
Previous data from the Durham Array has been analysed using the 
'Williams' method by Ashton et a l (Ashton 1977). Also, Smith (Smith 
1977) has used a computerised technique t o ob t a i n the shower para-
meters by min i m i s a t i o n of a weighted l e a s t squares f u n c t i o n . The l a t t e r 
technique, subsequently r e f e r r e d t o as the 1976 Analysis Programme, w i l l 
now be described i n d e t a i l , since t h i s has formed the basis of the a n a l y s i s 
programme used t o ob t a i n the r e s u l t s presented i n t h i s t h e s i s . 
4.4 1976 ANALYSIS PROGRAMME 
The operation of the 1976 Analysis Programme i s i l l u s t r a t e d by the 
flow diagram shown i n Figure 4.1. The a n a l y s i s of the data i s performed 
on blocks of around 1500-2000 events by a Fort r a n coded a n a l y s i s pro-
gramme running on the Northumbrian U n i v e r s i t i e s IBM 370/168. A f u n c t i o n 
of the form 
F = s ( q o b s - q c a l c ) w 2 
a l l 1 
detectors 
i s minimised d u r i n g both t i m i n g and den s i t y data a n a l y s i s . The pro-
gramme r e l i e s h e a v i l y on the CERN mi n i m i s a t i o n package MINUIT (James 
and Roos 1971), which performs m i n i m i s a t i o n of the app r o p r i a t e f u n c t i o n 
F by any of the f o l l o w i n g techniques a t the users' s p e c i f i c a t i o n , 
(a) SEEK - A random minim i s a t i o n s t a r t i n g a t a user defined p o i n t 
and i n i t i a l step s i z e , which terminates a f t e r the maximum s p e c i f i e d 
c a l l l i m i t on F has been exceeded. 
Figure 4.1: SIMPLIFIED FLOW DIAGRAM OF 1976 ANALYSIS PROGRAMME 
S t a r t CPU clock 
Read i n a n a l y s i s programme c o n t r o l 
^ i l e and record of l a s t event analysed 
Summarise the data present on the 
in p u t f i l e (up t o 2000 events) 
Yes 
Calculate the monitor c o e f f i c i e n t s 
f o r t h i s run 
Calculate d e n s i t i e s and times f o r 
i n p u t event 
Reject unphysical times and 
zero or saturated measurements 
Determine a n a l y s i s o p t i o n 
Analyse t h i s event using the 
appr o p r i a t e MINUIT c o n t r o l f i l e s 
Update record 
anal; 
of l a s t event 
ysed 




(b) SIMPLEX - A technique using the simplex method of Nelder and 
Meade, (Nelder and Meade 1S67) which converges t o the f u n c t i o n 
minimum area q u i c k l y . 
(c) MIGRAD - A minimi s a t i o n technique using the Davidon v a r i a b l e 
m a t r i x a l g o r i t h m (Davidon 1368) which i s powerful near the f u n c t i o n 
minimum, p r o v i d i n g a f u l l e r r o r a n a l y s i s . 
(d) IMPROVE - This technique involves searching f o r the g l o b a l 
minimum of the s p e c i f i e d f u n c t i o n by jumping out of a l o c a l m i n i -
mum t o a deeper one by a method due t o Goldstein and Price ( G o l d s t e i n 
and Price 1S71). 
While the user of MINUIT need not f u l l y understand the exact opera-
t i o n of the above mi n i m i s a t i o n techniques, some knowledge of the s u i t -
a b i l i t y of each method i s necessary t o allow o p t i m i s a t i o n of MINUIT performance 
f o r each p a r t i c u l a r form of F, i n terms of both time taken and accuracy 
of r e s u l t s r eturned. 
The a n a l y s i s of an a i r shower event i s i d e a l l y a two stage process. 
F i r s t t h e d i r e c t i o n of the shower f r o n t i s obtained from the t i m i n g i n f o r m -
a t i o n . Then the shower size and core p o s i t i o n are independently obtained 
from the d e n s i t y data. I f e i t h e r of the l a t t e r two stages i s not possible 
through lack of i n f o r m a t i o n , other a n a l y s i s options are performed. A t a b l e 
of a n a l y s i s options and the data requirements t h a t each imposes i s shown 
i n Table 4.1. 
4.4.1 Timing Data 
The voltages from the TAC's are f i r s t converted t o p o s i t i v e or 
negative time d i f f e r e n c e s representing the a c t u a l times f o r the shower 
f r o n t t o pass from d e t e c t o r C t o each t i m i n g d e t e c t o r . Simulations by 
Smith (Smith 1S76) have shown t h a t , f o r each t i m i n g d e t e c t o r , the r e l a t i o n -
ship between the mode of the TAC histogram and the cable and l a b o r a t o r y 
e l e c t r o n i c s delays, i s as i l l u s t r a t e d i n Figure 4.2, a r e s u l t which assumes 
a plane shower f r o n t moving a t a speed of l i g h t and a shower z e n i t h 
angle d i s t r i b u t i o n of the type cos"G independent of shower s i z e . 
Table 4.1: THE ANALYSIS OPTION 
Analysis 
Option Method of Analysis of the Event 
< 2 times and < 5 d e n s i t i e s a v a i l a b l e : 
No a n a l y s i s 
< 2 times and > 5 d e n s i t i e s a v a i l a b l e : 
9 assumed t o be 0°. 3 parameter f i t t o 
de n s i t y data 
> 3 times and < 3 d e n s i t i e s a v a i l a b l e : 
Timing data only analysed 
> 3 times and > 3 d e n s i t i e s a v a i l a b l e : 
F u l l two stage an a l y s i s 
mode 
positive times negative" times 
of arrival of arrival 
A.D.C. Channel number Delay introduced by 
electronics 
zero for coplanar 
detectors./ Z (4) 
Figure 4.2: Re l a t i o n s h i p between the mode of a TAC histogram f o r 
d e t e c t o r i , c o l l e c t e d d u r i n g the normal operation of 
the a r r a y , and the delays introduced by both the 
detector Z oordinate, Z i , and the cable and lab o r a t o r y 
e l e c t r o n i c s . ( A f t e r Smith 1976) 
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The a c t u a l times a t each d e t e c t o r , t 0bs> m a v thus be obtained from the 
r e l a t i o n s h i p shown. 
A f u n c t i o n of the form 
f = £ ( t o b s - t c a l c (e , cp ) ) 2 
a l l t i m i n g 
d e t e c t o r s 
i s minimised. t c a l c t n e c a l c u l a t e d time a t each d e t e c t o r , assuming 
a plane shower f r o n t w i t h a r r i v a l d i r e c t i o n (0 ,cp ) as shown i n 
Figure 4.3. 
4.4.2 Density Data Analysis 
The data representing p a r t i c l e d e n s i t i e s are f i r s t converted from 
2 
ADC channels t o p a r t i c l e s / m . This conversion assumes t h a t a l l 32 
channels of the MPXR are l i n e a r and have equal gains. Data values 
less than 10 channels are not used i n the a n a l y s i s . Both the shower 
size and core p o s i t i o n may now be simultaneously obtained by minimisa-
t i o n of a weighted l e a s t squares f u n c t i o n of the form 




where p o b s i s the measured d e n s i t y a t detec t o r i , and p c a ^ c i s the 
c a l c u l a t e d d e n s i t y at t h a t d e t e c t o r f o r a shower of size N, core 
l o c a t i o n ( x , y) and a r r i v a l d i r e c t i o n ( Q , c p ) . The s t r u c t u r e f u n c t i o n 
due t o Catz (Catz 1975) has been used i n t h i s and i n cur r e n t versions 
of the a n a l y s i s programme t o c a l c u l a t e p c a i c - "V i s an approximate weight 
given t o the observed measurement p o b s , and has been chosen as the 
quadrature sum of the Poissonian e r r o r on the observed number of 
p a r t i c l e s and a term r e p r e s e n t i n g the d e t e c t o r response e r r o r . This 
s l i g h t l y a r b i t r a r y weight f u n c t i o n has been l e f t unchanged i n the 
cu r r e n t v e r s i o n of the a n a l y s i s programme. 
Z Axis 
Shower core 
Shower f r o n t 
/ 
e 
Centre of Array 
( C e n t r a l d e t e c t o r ) 




Figure 4.3: Convention f o r the d e s c r i p t i o n of the a r r i v a l 
d i r e c t i o n of an extensive a i r shower w i t h 
respect t o the a r r a y axes. 
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4.5 MODIFICATIONS TO THE 1976 ANALYSIS PROGRAMME 
Several m o d i f i c a t i o n s have been made t o the 1976 programme. These 
may be conveniently grouped under two headings: 
(a) I n c l u s i o n of a r e a l i s t i c treatment of detectors and 
labo r a t o r y e l e c t r o n i c s 
(b) Programme performance o p t i m i s a t i o n , 
4.5.1 I n c l u s i o n of C a l i b r a t i o n Figures 
The 1976 programme assumed t h a t each detect o r was c o r r e c t l y 
c a l i b r a t e d t o 100 m V/particle/m^, t h a t the t i m i n g e l e c t r o n i c s was c a l i -
brated on the range 500 ns = 5 V, and t h a t a l l 32 MPXR in p u t s were 
p e r f e c t l y l i n e a r w i t h equal gains. 
Density c a l i b r a t i o n f i g u r e s , one f o r each de t e c t o r , were added 
to the programme to allow conversion from voltage t o p a r t i c l e d e n s i t y . 
C a l i b r a t i o n f i g u r e s f o r each TAC have been included, t o r e l a t e the 
measured output t o the time d i f f e r e n c e i n nanoseconds. Each MPXR 
channel was i n d i v i d u a l l y c a l i b r a t e d as f o l l o w s . 
An a c c u r a t e l y measured pulse height was stored s e q u e n t i a l l y through 
each MFXR inpu t as an event, and the r e s u l t a n t set of 32 c a l i b r a t i o n 
events was stored i n core, and t r a n s f e r r e d t o magnetic disc i n the 
normal manner. The process was repeated f o r the range of in p u t pulse 
heights r e q u i r e d . This method of c a l i b r a t i o n i s u s e f u l , since the 
inp u t pulse w i d t h may be adjusted t o be of a s i m i l a r time constant as 
r e a l data pulses, and the t i m i n g r e l a t i o n s h i p s are s i m i l a r t o those 
otcu rr i Kg. i n a r e a l event, which allows r e a l i s t i c measurement of droop 
and pickup e f f e c t s i n the la b o r a t o r y e l e c t r o n i c s . 
The r e s u l t i n g batch of events, perhaps up t o 500 i n number, are 
then processed by a set of c a l i b r a t i o n programmes t o produce, f o r each 
MPXR i n p u t , c a l i b r a t i o n curves of in p u t voltage versus channel 
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The curve f i t t e d t o the data i s also shown. Several f u n c t i o n s were 
considered f o r the r e p r e s e n t a t i o n of each inp u t c a l i b r a t i o n curve of 
N p o i n t s . The most convenient, a set of N-2 parabolas f i t t e d t o each 
group of three adjacent p o i n t s , was included i n the a n a l y s i s programme 
as f o l l o w s . 
The f u n c t i o n converts data i n channels f o r each i n p u t , t o a 
voltage,!by i n v e r s i o n of the appropriate parabola, selected from the 
nearest data c a l i b r a t i o n coordinate. 
4.5.2. Saturated Measurements 
I t i s e s s e n t i a l t o determine whether the vcLtacjz from each detect o r 
i s a v a l i d measurement, or a r e s u l t of the s a t u r a t i o n of a detecto r 
head a m p l i f i e r . The detecto r s a t u r a t i o n values discussed i n ^ 3.3 
have been included i n t h i s version of the programme i n place of the 
860 channel cut present i n the 1976 ve r s i o n . The a f f e c t of t h i s 
was estimated by analysing a group of 40 events w i t h the 860 channel 
cut, and then w i t h the c o r r e c t detector s a t u r a t i o n values included i n 
the programme. I n the f i r s t a n a l y s i s a t l e a s t one s a t u r a t i o n value 
had been assumed to be v a l i d data i n approximately 45% of events. I n 
these events, core s h i f t s between the two analyses of up t o 65 m were 
found and i n the f i r s t a n a l y s i s , the shower size was consistently under-
estimated by up t o a f a c t o r of 2. 
4.6 PROGRAMME PERFORMANCE OPTIMISATION 
An i n v e s t i g a t i o n was made i n t o the performance of the an a l y s i s 
programme i n an attempt t o optimise the MINUIT c o n t r o l f i l e f o r the 
core and shower size e s t i m a t i o n of an o p t i o n 4 event. 
Approximately 50 outer r i n g t r i g g e r events were analysed f o u r 
times using the MINUIT c o n t r o l f i l e shown i n Figure 4.5, w i t h a core 
s t a r t i n g value of (0,0) given as a best estimate on i n p u t t o the SEEK 
Figure 4.5: MINUIT CONTROL FILE FOR ANALYSIS OF OPTION 4 EVENT 
PARAMETER DEFINITIONS 1XCRD 0.0 100.0 -100.0 100.0 
2YCRD 0.0 100.0 -100.0 100.0 
3SIZE 50.0 10.0 20.0 80.0 















command. Approximately 25% of events were found t o produce d i f f e r e n t 
r e s u l t s i n at leas t one of the analyses. I n any such event, d u r i n g 
m u l t i p l e a n a l y s i s , the percentage of i n c o r r e c t r e s u l t s was found t o be 
d i r e c t l y dependent on the l i m i t of f u n c t i o n c o l l s by the SEEK command, 
as shown i n Table 4.2. 
I n an attempt t o reduce the spread of answers i n any one event d u r i n g 
m u l t i p l e a n a l y s i s , a more r e a l i s t i c f i r s t estimate of core p o s i t i o n was 
given t o MINUIT. The coordinates of the detector recording the maximum 
den s i t y , or the average combined coordinates of any saturated d e t e c t o r s , 
were c a l c u l a t e d on e n t r y t o the an a l y s i s programme, and the r e s u l t w r i t t e n 
t o the MINUIT c o n t r o l f i l e as a best estimate of core p o s i t i o n f o r the 
SEEK command. Events were found t o reanalyse c o r r e c t l y independent of 
the number of c a l l s by SEEK t o the user's f u n c t i o n . The mean distance 
between the i n i t i a l estimate and f i n a l analysed core coordinates was 
reduced by a f a c t o r of two t o approximately 25 m. The maximum d e v i a t i o n 
found of 50 m was then used as the i n i t a l step siz e t o de f i n e a search 
area f o r the SEEK command. 
An attempt was made t o analyse the average computer CPU time 
requirement of approximately f o u r seconds, t o wxlijse. each event. 
Figure 4.6 shows the weighted l e a s t square value versus the c a l l number 
to the user supplied f u n c t i o n F f o r a t y p i c a l o p t i o n 4 event. The f u n c t i o n 
F minimum i s reached very q u i c k l y by commands SIMPLEX and MIGRAD, the 
bulk of an a l y s i s time being used by the IMPROVE command. The l a t t e r 
command i s successful i n f i n d i n g a deeper minimum i n approximately 15% 
of events w i t h the c a l l l i m i t s as shown i n Figure 4.5. The average 
a n a l y s i s time f o r these 15% of events i s approximately two seconds, 
i n d i c a t e d t h a t i f CPU time were a t a premium, the l i m i t on the number 
of searches performed by IMPROVE may be reduced by a f a c t o r of two. 
I t was decided, however, t h a t f u r t h e r study was needed before the 
Table 4.2: PERCENTAGE OF 'INCORRECT' ANALYSED RESULTS DURING 
MULTIPLE ANALYSIS OF EVENT 1152039 
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IMPROVE parameters could be a l t e r e d f o r the bulk of the an a l y s i s work. 
The o p t i o n 4 MINUIT c o n t r o l f i l e used t o o b t a i n the r e s u l t s presented 
i n t h i s t h e s i s i s as shown i n Figure 4.5, w i t h a SEEK c e l l l i m i t of 
100 } a s t a r t i n g core l o c a t i o n as described above, and an i n i t i a l step 
siz e of 50 m. Figure 4.7 shows a f l o w diagram of the curr e n t a n a l y s i s 
programme. 
4.7 PRELIMINARY RESULTS 
A f u l l p r e s e n t a t i o n of r e s u l t s w i l l be given i n Chapter 6, since 
t h e i r i n t e r p r e t a t i o n r e l i e s on the extensive computer simulations 
described i n Chapter 5. 
The r e s u l t s presented here are intended t o i l l u s t r a t e t h a t the 
an a l y s i s programme provides reasonable r e s u l t s on a q u a l i t a t i v e basis 
only. 
Figure 4.8 shows a s c a t t e r diagram of core p o s i t i o n s of analysed 
showers comprising RUN 112. The l i m i t s on the core coordinates of - 100 m 
imposed on MINUIT by the o p t i o n 4 c o n t r o l f i l e may c l e a r l y be seen. 
Figure 4.9 shows a histogram of analysed 9 f o r showers analysed 
w i t h i n a radius of 50 m from the centre d e t e c t o r , and shower sizes 
between 5 x 10^ and 10? p a r t i c l e s . 
Figure 4.10 shows a histogram of a l l shower sizes returned by the 
ana l y s i s programme, f o r inner r i n g t r i g g e r s comprising runs 121-126, 
and Figure 4.11 f o r outer r i n g t r i g g e r s comprising runs 112-118 i n d i c a -
t i n g t h a t the Durham array may provide i n f o r m a t i o n on showers w i t h 
A 7 
sizes between 10 and 2 x 10 p a r t i c l e s . 
4.8 SUMMARY 
The improvements made t o the 1976 a n a l y s i s programme have been 
described under two headings. C a l i b r a t i o n f i g u r e s f o r p a r t i c l e d e n s i t y 
measuring de t e c t o r s and f a s t t i m i n g detectors have been included and 
Figure 4.7: SIMPLIFIED FLOW DIAGRAM OF THE CURRENT ANALYSIS PROGRAMME 
S t a r t CPU Clock 
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curves, d e t e c t o r c a l i b r a t i o n and s a t u r a t i o n values 
MPXR c a l i b r a t i o n curves 
[Read i n ana l y s i s programme c o n t r o l f i l e , d e tectors t o be used i n a n a l y s i s , and record of l a s t event analysed 
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Figure 4,9: Histogram of analysed 9, f o r events w i t h i n 50 m, 30° 
and analysed shower sizes between 5 x 10 5 and 10? p a r t i c l e s 
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Figure 4.10: Histogram of a l l shower sizes returned by 
the a n a l y s i s program f o r Runs 121-126 
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Figure 4.11: Histogram of a l l shower sizes returned by the 
anal y s i s program f o r Suns 112-118 
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the c a l i b r a t i o n of the l a b o r a t o r y e l e c t r o n i c s has been described. 
Secondly, an o u t l i n e of the approach used t o v a l i d a t e and improve 
MINUIT c o n t r o l f i l e s i s given. F i n a l l y , p r e l i m i n a r y r e s u l t s s e r v i n g 




THE SIMULATION PROGRAMMES 
5.1 INTRODUCTION 
Chapter 4 has shown t h a t an accurate c a l i b r a t i o n of the data 
c o l l e c t i o n e l e c t r o n i c s , and an o v e r a l l assessment of the performance 
of the a n a l y s i s programmes, are u s e f u l i n removing a c e r t a i n class of 
biases, p r i o r t o and duri n g , the an a l y s i s procedure. The analysed 
r e s u l t s , however, s t i l l c ontain b i a s e s a r i s i n g from: 
(a) the Array Acceptance 
(b) the accuracy of the Analysis Programmes. 
Each of these e f f e c t s may be i n v e s t i g a t e d by the s i m u l a t i o n of a i r 
shower events on a computer, and the subsequent a n a l y s i s of these data 
i n the same manner as r e a l data a n a l y s i s . The s i m u l a t i o n process must 
contain as accurate a d e s c r i p t i o n as possible of the r e a l experiment, 
even although some of the e f f e c t s included may be taken out d u r i n g the 
subsequent a n a l y s i s procedure. I n a d d i t i o n , the s i m u l a t i o n programme 
must be e f f i c i e n t i n computer time usage, since many showers, some of 
small shower sizes w i t h a low array t r i g g e r i n g p r o b a b i l i t y , may need 
to be generated, t o adequately i n v e s t i g a t e the above biases. 
5.2 THE SIMULATION PROGRAMME 
A f o r t r a n coded programme, r e f e r r e d t o as the Simulation Programme, 
has been w r i t t e n by the author t o allow i n v e s t i g a t i o n of the post a n a l y s i s 
biases o u t l i n e d above. 
Smith (Smith 1377) has presented r e s u l t s using the 1S76 Analysis 
Programme t o analyse simulated data i n the Durham a r r a y . I t was thought 
necessary t o include a more r e a l i s t i c d e s c r i p t i o n of the l a b o r a t o r y 
e l e c t r o n i c s and array d e t e c t o r s i n the s i m u l a t i o n work. I n a d d i t i o n , i t 
was thought t h a t improvements could be made i n programme c o m p a t i b i l i t y 
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w i t h the cu r r e n t a n a l y s i s programme ver s i o n , programme e f f i c i e n c y , and 
f l e x i b i l i t y of use. 
Smith performed the s i m u l a t i o n of data and subsequent a n a l y s i s i n 
a one stage process, thereby bypassing the need t o include c a l i b r a t i o n 
e f f e c t s i n the simulated data, which would be taken out d u r i n g the 
a n a l y s i s . The curr e n t s i m u l a t i o n work i s a two stage process. Simulated 
dataorfi. generated by the programme i n the same format as r e a l data, and 
contains a l l known c a l i b r a t i o n s of both the detectors and the la b o r a t o r y 
e l e c t r o n i c s . 
Measurement e r r o r s on both t i m i n g and d e n s i t y data, are also 
in c l u d e d . These data may then be analysed i n the same manner as r e a l 
data. The pre-analysis data checking programme described i n Chapter 3, 
may be run on the simulated raw data, a l l o w i n g comparison w i t h r e a l data 
checks, and the usefulness of t h i s technique may be i n v e s t i g a t e d . 
Figure 5.1 shows a flow diagram of the opera t i o n of the 
s i m u l a t i o n programmes. 
5.2.1 The Generation of a Shower 
On e n t r y t o the programme, the user supplied data values f o r the 
si m u l a t i o n programme run, are read i n , and any constants dependent on 
these, data are c a l c u l a t e d . The parameters contain the c a l i b r a t i o n 
i n f o r m a t i o n of the detectors and the l a b o r a t o r y e l e c t r o n i c s , the number 
of events r e q u i r e d , and data s p e c i f y i n g how the EAS are t o be generated. 
The showers may be simulated a t a constant shower size and core p o s i -
t i o n , w i t h a constant d i r e c t i o n , or may be selected randomly from 
p r e s p e c i f i e d d i s t r i b u t i o n s d e s c r i b i n g each of the parameters ( x , y, N, 
9, cp) as f o l l o w s . 
The shower core p o s i t i o n ( x , y) i s generated u n i f o r m l y i n a square 
or c i r c u l a r area around the array, w i t h a shower size N selected from 
Figure 5.1: Flow Diagram of the Operation of the Simulation Programmes 
Read i n user supplied i n f o r m a t i o n ; array t r i g g e r mode, 
number of events r e q u i r e d , s t a t i c event header data, 
s i m u l a t i o n parameters^ p r i n t summary of t h i s i n f o r m a t i o n 
S t a r t CPU clock } i n i t i a l i s e random number generators! 
jGenerate a shower a t (x,y,N,6,0) 
Calculate observed voltage a t each t r i g g e r 
d e t e c t o r , using the s p e c i f i e d s t r u c t u r e f u n c t i o n 
Has the shower t r i g g e r e d the array 
A 
Yes 
Increment number of successful array t r i g g e r s NSUC 
Calculate the observed voltages a t the r e s t of the dete c t o r s 
Calculate the observed times, i f any, 
at the t i m i n g detectors 
Record the shower, w i t h simulated p o s i t i o n 
angular i n f o r m a t i o n , and s i z e 
No 
A 
Record the shower as a 'raw' event i n 
j the same format as r e a l data 
More events required? Yes -=*> 
Yes 
CPU time l e f t ? 
No 
- | r 
No 
Record d e t a i l s of l a s t t r i g g e r 
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a. SHnteH six spi&nM. w w Q D'S&zrc axw&t w SKpft, errn P«as(^.'iFieb Sfi&K f h , ^ QtfL[pn«j& TMC 
KWt -rue, p&*fi&i sfhzjR^jOiscu^sr^ /A/ The z e n i t h angle 9 i s selected from 
a p r o b a b i l i t y d i s t r i b u t i o n of the form ( n + 1) s i n 9 cos" 9, and the 
azimuthal angle cp from a uniform d i s t r i b u t i o n between 0 - 2 TT radians. 
The technique of s e l e c t i o n of a v a r i a b l e from a s p e c i f i e d p r o b a b i l i t y 
d i s t r i b u t i o n using a computer pseudo random number generator i s described 
i n Appendix 1. The example of generating a shower s i z e N, from a two 
slope shower siz e spectrum i s given. 
5.2.2 C a l c u l a t i o n of the Observed Voltage a t Each Detector 
Figure 5.2 shows the sequence of c a l c u l a t i o n s performed f o r each 
d e t e c t o r . The d e n s i t y at each detector s i t e , p^, i s obtained by c a l -
c u l a t i n g the perpendicular distance between each detec t o r and the 
shower a x i s , and using t h i s value as inp u t t o the chosen s t r u c t u r e 
f u n c t i o n . Three w e l l e s t a b l i s h e d f u n c t i o n s have been considered f o r 
use i n these s i m u l a t i o n s . The s t r u c t u r e f u n c t i o n due t o Greisen 
(Greisen 1960) w i t h an age parameter of 1.25, t h a t due t o Hasegawa 
(Hasegawa 1962), regarded as being a p p r o p r i a t e f o r s c i n t i l l a t o r arrays, 
and the s t r u c t u r e function.due t o Catz et a l (Catz 1975). 
These s t r u c t u r e f u n c t i o n s w i l l be r e f e r r e d to as NKG, Hasegawa and 
Catz r e s p e c t i v e l y throughout t h i s chapter. 
The a c t u a l number of p a r t i c l e s n, passing through detector i , may 
then be c a l c u l a t e d by s e l e c t i o n of n from a poissonian d i s t r i b u t i o n w i t h 
a mean of A^ cos 9, the mean number of p a r t i c l e s passing through 
detec t o r i of area A^, a t z e n i t h angle 9. The a c t u a l voltage produced 
by the detect o r may then be selected from the appr o p r i a t e 'n p a r t i c l e 
voltage d i s t r i b u t i o n ' f o r each d e t e c t o r . The 'Single p a r t i c l e 
d i s t r i b u t i o n ' discussed i n Chapter 3 i s represented i n the s i m u l a t i o n 
programmes by a Gamma type d i s t r i b u t i o n 
f ( X ) = e " ^ / hpT( G) 
Equation 5.1 
Calculate perpendicular distance from 
core of shower t o each detect o r i of area A^ 
Calculate d e n s i t y a t detect o r i 
using the user supplied s t r u c t u r e f u n c t i o n 
Calculate the mean number of p a r t i c l e s detected 
by area A j COS 9 
Calculate a c t u a l number of p a r t i c l e s n ^  
passing through d e t e c t o r 
Calculate the observed voltage from d e t e c t o r i , 
using the appr o p r i a t e 'n ^  p a r t i c l e ' d i s t r i b u t i o n 
Convert the observed voltage t o ADC channels, 
using MPXR c a l i b r a t i o n curves 
Truncate any f i n a l saturated measurements i n channels 
t o user supplied d e t e c t o r s a t u r a t i o n l i m i t s 
Figure 5.2: C a l c u l a t i o n of Observed Voltage a t Each Detector 
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where G and H are supplied by the user and determine the mean and 
mean/mode r a t i o of the r e s u l t i n g d i s t r i b u t i o n , w i t h an i n d i v i d u a l mean 
f o r each detec t o r d i s t r i b u t i o n according t o the c a l i b r a t i o n f i g u r e s 
discussed i n Chapter 3. No attempt has been made t o i n d i v i d u a l l y 
s p e c i f y detector d i s t r i b u t i o n shapes. An o v e r a l l value f o r the s i n g l e 
p a r t i c l e mean t o mode r a t i o of 1.5 has been assumed, independent of 
detector c a l i b r a t i o n . 
The 'n p a r t i c l e d i s t r i b u t i o n ' may be generated by the s e l e c t i o n 
of voltages n times, from the s i n g l e p a r t i c l e d i s t r i b u t i o n , and summing 
the r e s u l t s . I t was found, however, t h a t Equation 5.1, w i t h parameters 
H and nG, was an adequate r e p r e s e n t a t i o n of the'nG p a r t i c l e d i s t r i b u -
t i o n ' , and t h i s was used throughout the s i m u l a t i o n s . 
The measured voltages from each d e t e c t o r are then converted t o 
ADC channels using the MPXR c a l i b r a t i o n curves, i n a s i m i l a r manner 
to t h a t described i n Chapter 4. 
5.2.3 Timing Detector E f f i c i e n c i e s 
Chapter 3 has discussed how an e s t i m a t i o n of the p r o b a b i l i t y of 
ob t a i n i n g a t i m i n g pulse, versus the d e n s i t y measured at t h a t t i m i n g 
d e t e c t o r , may be obtained. These p r o b a b i l i t y curves, one f o r each 
t i m i n g d e t e c t o r , have been included i n the s i m u l a t i o n programmes t o 
allow e s t i m a t i o n of the e f f e c t t h a t loss of d i r e c t i o n a l i n f o r m a t i o n 
may cause i n the an a l y s i s of low shower size events. 
5.3 THE SIMULATIONS 
The aims of the s i m u l a t i o n work discussed i n t h i s chapter, are 
to i n v e s t i g a t e two broad areas: 
(a) P r o p e r t i e s of the array and bia 6 es i n the data which can 
be i n v e s t i g a t e d using the s i m u l a t i o n programme alone, such as a r r a y 
acceptance and the use of bulk data checks. 
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(b) The performance and accuracy of the a n a l y s i s programmes using 
simulated data as i n p u t . 
A standard set of input parameter options t o the s i m u l a t i o n 
programme and a set of i n t e r n a l programme constants have been used 
throughout t h i s work and are i l l u s t r a t e d i n Table 5.1. 
5.3.1 The Array Acceptance C a l c u l a t i o n s 
The p r o b a b i l i t y of an extensive a i r shower t r i g g e r i n g the a r r a y , 
f o r constant t r i g g e r i n g c o n d i t i o n s , i s a f u n c t i o n of the core p o s i t i o n 
r e l a t i v e t o the centre of the array, the d i r e c t i o n of the shower and 
the shower s i z e . A more u s e f u l q u a n t i t y i s the average p r o b a b i l i t y 
t h a t a shower of s i z e N, landing w i t h i n a radius R, w i l l t r i g g e r the 
a r r a y . This was c a l c u l a t e d as f o l l o w s . Showers of si z e N were 
simulated w i t h t h e i r cores u n i f o r m l y d i s t r i b u t e d throughout a c i r c u l a r 
area of radius R, and t h e i r z e n i t h angles according to a cos" 0 d i s t r i -
b u t i o n . The average t r i g g e r i n g p r o b a b i l i t y f o r t h i s c i r c u l a r area and 
shower s i z e , i s given by the r a t i o of the number of successful a r r a y 
t r i g g e r s t o the t o t a l number of showers simulated. Figure 5.3 shows 
a graph of t h i s t r i g g e r i n g p r o b a b i l i t y , P t r i g ' ^ o r both inner and outer 
r i n g t r i g g e r s , p l o t t e d against simulated shower size N, f o r showers 
simulated w i t h i n a 50 m radius of the centre of the array using the 
Catz s t r u c t u r e f u n c t i o n , and z e n i t h angle index 8.0. The e r r o r s on 
the graphs are the s t a t i s t i c a l e r r o r s i n the c a l c u l a t i o n of P^r^g' 
Also shown f o r the outer r i n g case, i s the worst case e r r o r caused by 
the u n c e r t a i n t y i n the e s t i m a t i o n of the t r i g g e r i n g d e t e c t o r c a l i b r a t i o n 
c o e f f i c i e n t s . . i s also dependent on the s t r u c t u r e f u n c t i o n used t r x g 
i n the s i m u l a t i o n programme, the e f f e c t being most marked a t low shower 
si z e s . Pf-r-i „ was c a l c u l a t e d a t various shower sizes, f o r an outer u r i g 
r i n g t r i g g e r , using the Catz, NK3 and Hasegawa f u n c t i o n s . The v a n q t ' o a 
uith each ittuc!oi^_ fvncLiotr t r i g was found to increase w i t h decreasing 
Table 5.1: SIMULATION PARAMETER OPTIONS 
(a) The Simulation of the Shower 
Size D i s t r i b u t i o n 
Core D i s t r i b u t i o n 




St r u c t u r e Function 
Constant shower size or two slope i n p u t size 
spectrum 
Constant radius or uniform core generation throughout 
c i r c u l a r or square area. 
Constant 0 or d i s t r i b u t i o n of form 
Cos n 0 m-2 S"1 S r " 1 
Constant 0 or uniform d i s t r i b u t i o n (0, 2TT) 
Catz, Hasegawa or NKG 
(b) The Measurement of the Shower 
Operational Units 
T r i g g e r C r i t e r i o n 
Data f o r both d e n s i t y and t i m i n g d etectors may be 
user s p e c i f i e d 
'Inner' or 'Outer' r i n g t r i g g e r , w i t h d i s c r i m i n a t i o n 
l e v e l s ( i i i f f i V ) set by user 
Detector C a l i b r a t i o n s Detector c a l i b r a t i o n c o e f f i c i e n t s set by user 
MPXR C a l i b r a t i o n 
Density Measurement 
Timing Measurement 
Each channel i n d i v i d u a l l y c a l i b r a t e d 
Detector sampling e r r o r s assumed t o be poissonian. 
Single p a r t i c l e d i s t r i b u t i o n 'Mean t o mode' r a t i o 
of 1.5 used 
Measurement f l u c t u a t i o n s of ^ 5 ns, and each t i m i n g 
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s i m u l a t i o n shower s i z e , w i t h each o f t h e t h r e e ? t r i g v a l u e s , one 
c a l c u l a t e d f o r each s t r u c t u r e f u n c t i o n , d i f f e r i n g by a f a c t o r o f 2 a t 
a s i m u l a t i o n shower s i z e o f 1 0 5 p a r t i c l e s . 
5.3.2 S i m u l a t e d MPXR I n p u t P u l s e H e i g h t D i s t r i b u t i o n s 
B u l k d a t a checks may be r u n on s i m u l a t e d d a t a i n t h e same manner as 
r e a l d a t a . The s i m u l a t e d d a t a must be a r e s u l t o f a l l a r r a y t r i g g e r s a t 
a l l p o s s i b l e c o r e p o s i t i o n s , z e n i t h a n g l e s , and shower s i z e s , as would 
o c c u r i n t h e r e a l d a t a case, t o a l l o w v a l i d comparisons t o be drawn. An 
e s t i m a t i o n o f a p h y s i c a l l y r e a s o n a b l e v a l u e f o r R, t h e r a d i u s o f t h e 
s i m u l a t i o n a r e a around t h e a r r a y , was o b t a i n e d as f o l l o w s . Showers were 
s i m u l a t e d w i t h i n a c i r c u l a r a r e a o f r a d i u s R a c c o r d i n g t o t h e p arameters 
o u t l i n e d i n T a b l e 5.2, and t h e average t r i g g e r i n g p r o b a b i l i t y ^trlg o v e r 
a l l showers was c a l c u l a t e d . T h i s was r e p e a t e d f o r v a r i o u s v a l u e s o f R. 
2 
F i g u r e 5.4 i l l u s t r a t e s a graph o f R p. . , a q u a n t i t y r e l a t e d t o t h e t o t a l 
u r i g 
number o f s u c c e s s f u l showers, a g a i n s t R f o r b o t h o u t e r and i n n e r r i n g 
t r i g g e r s . The f l a t t e n i n g o f t h e two graphs, t h e i n n e r r i n g case a t 
R = 100 m, and t h e o u t e r a t R = 150 m, i n d i c a t e s t h a t above t h e s e r a d i i , 
t h e a d d i t i o n a l showers f i r e d on t h e a r r a y have no s i g n i f i c a n t e f f e c t on 
t h e f i n a l a r r a y t r i g g e r r a t e . These two r a d i i , may t h e n be used as t h e 
minimum s i m u l a t i o n a r e a r a d i i , f o r i n n e r and o u t e r r i n g s i m u l a t i o n s r espec-
t i v e l y , i n cases where s i m u l a t e d d a t a must be as r e a l i s t i c as p o s s i b l e . 
A MPXR p u l s e h e i g h t d i s t r i b u t i o n f o r d e t e c t o r 33 o b t a i n e d f r o m d a t a simu-
l a t e d under t h e c o n d i t i o n s o u t l i n e d i n T a b l e 5.2, w i t h a s i m u l a t i o n r a d i u s 
o f 150 m i s shown i n F i g u r e 5.5. 
The s t r u c t u r e f u n c t i o n used i n t h e s i m u l a t i o n s , was f o u n d t o have 
l i t t l e e f f e c t on t h e mean v a l u e o r shape o f any o f t h e MPXR p u l s e h e i g h t 
d i s t r i b u t i o n s . The MPXR p u l s e h e i g h t d i s t r i b u t i o n s do, however, r e f l e c t 
t h e c a l i b r a t i o n c o e f f i c i e n t o f each d e t e c t o r . F i g u r e 5.6 i l l u s t r a t e s 
t h e v a r i a t i o n o f t h e mean o f t h e MPXR p u l s e h e i g h t d i s t r i b u t i o n 
f o r d e t e c t o r 32, a g a i n s t t h a t d e t e c t o r ' s c a l i b r a t i o n c o e f f i c i e n t f o r 
T a b l e 5.2: SIMULATION PROGRAMME INPUT CONDITIONS FOR 
MPXR PULSE HEIGHT DISTRIBUTIONS 
Spectrum Slope 1 = -2.5 f o r N < 3 x 10° p a r t i c l e s 
Slope 2 = -3.5 f o r N > 3 x 1 0 5 p a r t i c l e s 
S t r u c t u r e F u n c t i o n CATZ 
T r i g g e r Outer R i n g (C, 13, 33, 53) 
C a l i b r a t i o n I n f o r m a t i o n C o m p a t i b l e w i t h c o n d i t i o n s under w h i c h 
ru n s 112-117 were c o l l e c t e d 
I n d e x o f Z e n i t h A n g l e 
D i s t r i b u t i o n 8.0 
Radius o f S i m u l a t i o n Area 150 m 
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b o t h o u t e r and i n n e r r i n g t r i g g e r s . S i m u l a t i o n s p e r f o r m e d under 
s i m i l a r c o n d i t i o n s f o r a t r i g g e r i n g d e t e c t o r , d e t e c t o r 33, i n d i c a t e t h a t 
v a r i a t i o n o f t h e c a l i b r a t i o n c o e f f i c i e n t o f a t r i g g e r i n g d e t e c t o r p r o -
duces no s i g n i f i c a n t e f f e c t on t h e mean o f t h e p u l s e h e i g h t d i s t r i b u t i o n 
o f any o t h e r d e t e c t o r . W h i l e t h i s r e s u l t i n d i c a t e s t h a t t h e means o f 
t h e p u l s e h e i g h t d i s t r i b u t i o n s may be u s e f u l l y m o n i t o r e d t h r o u g h o u t a 
l o n g p e r i o d o f d a t a c o l l e c t i o n t o i n d i c a t e d e t e c t o r c a l i b r a t i o n d r i f t , 
i t i s f e l t t h a t more d e t a i l e d s t u d i e s a r e r e q u i r e d b e f o r e t h e MPXR 
p u l s e h e i g h t means o b t a i n e d f r o m b u l k checks on r e a l d a t a c o u l d be used 
t o o b t a i n a c c u r a t e e s t i m a t e s o f t h e d e t e c t o r c a l i b r a t i o n c o e f f i c i e n t s . 
5.4 ZENITH ANGLE INDEX AS A FUNCTION OF SIMULATED SHOWER SIZE 
The p r o b a b i l i t y t h a t a shower w i l l t r i g g e r t h e a r r a y i s a f u n c t i o n , 
n o t o n l y o f i t s shower s i z e and cor e p o s i t i o n , b u t a l s o o f i t s z e n i t h 
a n g l e . T h i s e f f e c t i s most marked a t low shower s i z e s , hence t h e i n d e x 
o f z e n i t h a n g l e d i s t r i b u t i o n o f a r r a y t r i g g e r s , w o u l d be ex p e c t e d t o 
v a r y w i t h s i m u l a t e d shower s i z e . T h i s e f f e c t was measured as f o l l o w s ^ 
c o n s t a n t s i z e showers were s i m u l a t e d w i t h i n a r a d i u s o f 50 m o f t h e 
c e n t r e o f t h e a r r a y , w i t h a c o n s t a n t z e n i t h a n g l e i n d e x o f 8.0 u s i n g 
t h e NKG s t r u c t u r e f u n c t i o n . A c u r v e o f t h e f o r m ( n + 1) Cos13© s i n q 
was f i t t e d t o t h e z e n i t h a n g l e d i s t r i b u t i o n s o f d a t a t r i g g e r i n g t h e 
a r r a y , f o r 0° < 8 < 30°, u s i n g a l e a s t squares t e c h n i q u e . F i g u r e 5.7 
i l l u s t r a t e s a graph o f t h e b e s t f i t z e n i t h a n g l e i n d e x n versus s i m u l a t e d 
shower s i z e MSlM. The e r r o r s on t h e c u r v e r e f l e c t b o t h t h e 
s t a t i s t i c a l e r r o r on t h e number o f co u n t s i n t h e z e n i t h a n g l e h i s t o g r a m , 
and t h e a c c u r a c y o f t h e l e a s t squares f i t . 
5.5 TESTING THE ANALYSIS PROGRAMME USING SIMULATED DATA 
S i m u l a t e d d a t a may be used t o t e s t t h e a c c u r a c y o f t h e a n a l y s i s 
programme f o r b o t h s y s t e m a t i c and random e f f e c t s . I n g e n e r a l , showers 
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s i m u l a t e d w i t h c o n s t a n t p a r a m e t e r s produce a s p r e a d o f a n a l y s e d r e s u l t s , 
r e f l e c t i n g b o t h t h e e f f e c t o f measurement s a m p l i n g e r r o r s and t h e 
p e r f o r m a n c e o f t h e a n a l y s i s programmes. Data s i m u l a t e d under t h e con-
d i t i o n s o u t l i n e d i n T a b l e 5.3 have been a n a l y s e d and t h e r e s u l t s used 
t o p r o v i d e i n f o r m a t i o n on t h e a n a l y s i s b i a s e s , i n shower d i r e c t i o n , 
c o r e p o s i t i o n , and shower s i z e . The e s t i m a t e s o f t h e s e e r r o r s i n a n a l y s e d 
d a t a , however, s h o u l d be r e g a r d e d as 'best case' e s t i m a t e s , s i n c e t h e 
t e c h n i q u e assumes t h a t t h e c a l i b r a t i o n s o f a l l d e t e c t o r s and t h e l a b -
o r a t o r y e l e c t r o n i c s a r e known e x a c t l y . 
5.5.1 Shower D i r e c t i o n 
Work by T r e a s u r e ( T r e a s u r e 1980) has shown t h a t t h e e r r o r on t h e 
a n a l y s e d z e n i t h a n g l e r e s u l t s i s a p p r o x i m a t e l y 5° f o r showers f a l l i n g 
w i t h i n 50 m o f t h e c e n t r e o f t h e a r r a y , a t z e n i t h angles l e s s t h a n 30°, 
f o r o u t e r r i n g t r i g g e r c o n d i t i o n s . The e r r o r on t h e a n a l y s e d a z i m u t h a l 
a n g l e d a t a i s e s t i m a t e d t o be a p p r o x i m a t e l y 8°. There i s no s i g n i f i c a n t 
s y s t e m a t i c b i a s i n either* case. 
5.5.2 Core L o c a t i o n A c c u r a c y 
The c o r e l o c a t i o n e r r o r may be c o n v e n i e n t l y e x p r e s s e d as t h e 
l e n g t h o f t h e v e c t o r between a s i m u l a t e d and a n a l y s e d c o r e p o s i t i o n . 
F i g u r e 5.8 i l l u s t r a t e s a graph o f t h e mean cor e l o c a t i o n e r r o r averaged 
o v e r 5 m r a d i a l b i a s , as a f u n c t i o n o f a n a l y s e d r a d i u s , f o r a s i m u l a t e d 
shower s i z e o f 10° p a r t i c l e s , u s i n g t h e Catz s t r u c t u r e f u n c t i o n . The 
r e s u l t s p r e s e n t e d a r e f o r d a t a a n a l y s e d w i t h i n 50 m o f t h e c e n t r e o f 
t h e a r r a y and z e n i t h a n g l e s l e s s t h a n 30°. S i n c e s e l e c t i o n has been 
made on t h e a n a l y s e d r a d i i , t h e s e f i g u r e s do n o t i n c l u d e e v e n t s w h i c h 
have been s i m u l a t e d w i t h i n 50 m, b u t a n a l y s e d o u t s i d e t h i s a r e a on a 
MINUIT boundary. The e r r o r b a r s g i v e an i n d i c a t i o n o f t h e range o f 
p o s s i b l e c o r e l o c a t i o n e r r o r s on any one a n a l y s e d e v e n t . 
T a b l e 5.3: SIMULATION PROGRAMME INPUT CONDITIONS FOR 
ANALYSIS PROGRAMME TESTING 
' '—— 
Specturm Co n s t a n t shower s i z e , s e t by us e r 
S t r u c t u r e F u n c t i o n CATZ 
T r i g g e r O u t er R i n g (C, 13, 33, 53) 
C a l i b r a t i o n I n f o r m a t i o n 1 C o m p a t i b l e w i t h c o n d i t i o n s under w h i c h 
j r u n s 112-117 were c o l l e c t e d 
I n d e x o f Z e n i t h A n g l e 
D i s t r i b u t i o n 8.0 
Radius o f S i m u l a t i o n Area 
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F i g u r e 5.9 i l l u s t r a t e s a graph o f t h e mean c o r e l o c a t i o n a c c u r a c y 
averaged over a l l r a d i i between 0 and 50 m, as a f u n c t i o n o f s i m u l a t e d 
shower s i z e f o r t h e same s e l e c t i o n c o n d i t i o n s o u t l i n e d above. The e r r o r 
b a r s g i v e an i n d i c a t i o n o f t h e c o r e l o c a t i o n e r r o r range i n any one ev e n t 
a t each s i m u l a t e d shower s i z e . 
5.5.3 Shower Si z e A n a l y s i s A c c u r a c y 
A c o n s t a n t i n p u t s i m u l a t e d shower s i z e i s g e n e r a l l y a n a l y s e d t o 
g i v e a d i s t r i b u t i o n o f r e s u l t s w i t h some s y s t e m a t i c b i a s i n c l u d e d . The 
a n a l y s i s o f an i n p u t shower s i z e o f 10^ p a r t i c l e s , s i m u l a t e d w i t h t h e 
Catz s t r u c t u r e f u n c t i o n , r e s u l t s i n a d i s t r i b u t i o n o f a n a l y s e d shower 
5 
s i z e s w i t h a mean o f 9.5 x 10 p a r t i c l e s , and low e r and upper l i m i t s 
o f 6.5 x 10 p a r t i c l e s and 1.4 x 10 p a r t i c l e s r e s p e c t i v e l y . 
F i g u r e 5.10 i l l u s t r a t e s a graph o f t h e mean a n a l y s e d shower s i z e 
v e r s u s i n p u t s i m u l a t e d shower s i z e f o r d a t a w i t h c o r e p o s i t i o n s a n a l y s e d 
w i t h i n 50 m o f t h e c e n t r e o f t h e a r r a y , and z e n i t h a n g l e s l e s s t h a n 30°. 
5.6 SUMMARY 
T h i s c h a p t e r has d e s c r i b e d how a computer s i m u l a t i o n programme 
may be used t o i n v e s t i g a t e t h e c o l l e c t i o n and a n a l y s i s o f d a t a i n t h e 
Durham a r r a y . 
The t e c h n i q u e o f b u l k d a t a c h e c k i n g o u t l i n e d i n Chapter 3 has 
been i n v e s t i g a t e d u s i n g s i m u l a t e d d a t a . C a l c u l a t i o n s o f t h e a r r a y 
a c c e ptance have been p e r f o r m e d and i t s s e n s i t i v i t y t o t h e d e t e c t o r 
c a l i b r a t i o n c o e f f i c i e n t s , and s i m u l a t i o n s t r u c t u r e f u n c t i o n , i n v e s t i g a t e d 
F i n a l l y , s i m u l a t e d dataW£> been used t o p r o v i d e an e s t i m a t e o f t h e 
a c c u r a c y o f t h e a n a l y s i s programme. 
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CHAPTER 6 
RESULTS AND CONCLUSIONS 
6.1 INTRODUCTION 
Chapter 5 has d e s c r i b e d how t h e s i m u l a t i o n o f d a t a , and t h e 
subsequent a n a l y s i s , a r e . e s s e n t i a l i n t e s t i n g t h e c o r r e c t o p e r a t i o n of 
t h e a n a l y s i s programmes, and i n g i v i n g an e s t i m a t e o f t h e a c c u r a c y of 
t h e r e s u l t s r e t u r n e d . T h i s c h a p t e r examines t h e a n a l y s e d a i r shower 
d a t a i n more d e t a i l i n t h e l i g h t o f t h e s i m u l a t i o n work d e s c r i b e d i n 
Chapter 5. F u r t h e r s i m u l a t i o n s a r e used t o p r o v i d e an e s t i m a t e o f t h e 
ac c u r a c y o f parameters of i n t e r e s t i n t h e a n a l y s e d shower d a t a . 
F i n a l l y , a r e a s o f f u t u r e p o s s i b l e improvement, i n b o t h e x p e r i m e n t a l 
s e t up, and d a t a a n a l y s i s and i n t e r p r e t a t i o n , a r e su g g e s t e d . 
6.2 SUMMARY OF ANALYSED DATA 
The r e s u l t s p r e s e n t e d i n t h i s c h a p t e r a r e d e r i v e d f r o m t h e d a t a 
c o l l e c t e d by t h e a r r a y between November 1S76 and May 1977, w h i c h 
c omprise a t o t a l o f 8388 e v e n t s c o l l e c t e d under an o u t e r r i n g t r i g g e r 
i n a 'stand a l o n e * mode. The t o t a l ' l i v e ' c o l l e c t i n g t i m e was 1761.1 
hours over t h i s p e r i o d . 
C e r t a i n s e l e c t i o n c o n d i t i o n s have been imposed on t h e shower d a t a 
i n t h e d e r i v a t i o n o f t h e parameters of i n t e r e s t . These c o n d i t i o n s w i l l 
be d i s c u s s e d i n d e t a i l i n t h e r e l e v a n t s e c t i o n s o f t h i s C h a p t e r . The 
broad r e s t r i c t i o n has been imposed t h a t o n l y o p t i o n 4 e v e n t s s h o u l d be 
used i n t h e d e r i v a t i o n o f a l l t h e r e s u l t s p r e s e n t e d i n t h i s C h a p t e r . 
T h i s r e q u i r e m e n t reduces t h e number o f u s e f u l a n a l y s e d showers t o 8274 
e v e n t s . 
6.3 THE ANALYSIS OF TRIAL DATA 
The c o l l e c t i o n and a n a l y s i s o f a i r shower d a t a , t o g e t h e r w i t h t h e 
nec e s s a r y s e l e c t i o n c o n d i t i o n s imposed on t h e f i n a l a n a l y s e d d a t a , 
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i n t r o d u c e s b i a s e s i n t o any d e r i v e d p a r a m e t e r s . An a t t e m p t has been made 
t o q u a n t i f y t h i s e f f e c t as f o l l o w s . Data have been s i m u l a t e d , u s i n g t h e 
s i m u l a t i o n programme d e s c r i b e d i n Chapter 5, under c o n d i t i o n s w h i c h were 
as s i m i l a r as p o s s i b l e t o th o s e c o n d i t i o n s p e r t a i n i n g i n t h e r e a l d a t a 
case. These s i m u l a t e d e v e n t s were s u b s e q u e n t l y a n a l y s e d u s i n g t h e a n a l y s i s 
programme d e s c r i b e d i n Chapter 4. The same s e l e c t i o n c o n d i t i o n s a r e 
a p p l i e d i n t h e d e r i v a t i o n o f parameters o f i n t e r e s t , i n t h e t r e a t m e n t o f 
b o t h r e a l and s i m u l a t e d d a t a , a l l o w i n g an e s t i m a t i o n o f t h e e r r o r i n t h e 
r e s u l t s p r e s e n t e d . 
The r e s u l t s i n t h i s Chapter r e l y h e a v i l y on t h e a n a l y s i s o f t h r e e 
b a t c h e s o f t r i a l d a t a , p e r f o r m e d by T r e a s u r e ( T r e a s u r e 1 9 80). The 
s i m u l a t i o n c o n d i t i o n s f o r each t r i a l , a r e as i l l u s t r a t e d i n T a b l e 5.2, 
ex c e p t t h a t t h e d i f f e r e n t i a l shower s i z e spectrum s l o p e was v a r i e d 
between each s i m u l a t i o n , p r o d u c i n g a n a l y s e d r e s u l t s r e f e r r e d t o as 
SPEC 2.9, SPEC 3.0, and SPEC 3.1, f r o m t h r e e i n p u t s l o p e s o f y = -2.9, 
Y = -3.0 and y = -3.1 r e s p e c t i v e l y . A d e s c r i p t i o n o f each o f t h e t h r e e 
s i m u l a t i o n and a n a l y s i s b a t c h e s i s c o n t a i n e d i n T a b l e 6.1. 
6.4 THE ZENITH ANGLE INDEX 
The Z e n i t h a n g l e dependence o f EAS, caused p r i m a r i l y by t h e a b s o r p -
t i o n e f f e c t by t h e atmosphere, i s u s u a l l y r e p r e s e n t e d as 
1 ( 9 ) = I ( o ) cos 1 1 9 m~2 s _ 1 S r " 1 
where 1 ( 9 ) r e p r e s e n t s t h e i n t e n s i t y o f showers a t a z e n i t h a n g l e 9, and 
t h e i n d e x n may be a f u n c t i o n o f shower s i z e . Care must be t a k e n i n t h e 
e s t i m a t i o n o f t h e i n d e x f r o m t h e a n a l y s e d a r r a y d a t a , however, s i n c e t h e 
a r r a y t r i g g e r i n g p r o b a b i l i t y has a s t r o n g e f f e c t on t h e v a l u e o f i n d e x n 
r e t u r n e d f r o m an e x a m i n a t i o n o f t h e z e n i t h a n g l e d i s t r i b u t i o n s o f showers 
t r i g g e r i n g t h e a r r a y . T h i s e f f e c t , i l l u s t r a t e d i n F i g u r e 5.7 f o r d a t a 
s i m u l a t e d w i t h i n 50 metres o f t h e c e n t r e o f t h e a r r a y , i s l i k e l y t o be 
Table 6.1: DESCRIPTION OF THE THREE TRIAL DATA RUNS 
Simulation S t r u c t u r e Function: Catz 
Index of Simulated Z e n i t h Angle D i s t r i b u t i o n : 8.0 
Array T r i g g e r : Outer Ring 
F i l e Name Y T o t a l Number of Events Number of Option 4 Events 
Analysed w i t h i n 50 m and 
30° 
SPEC 2.9 -2.9 8000 3051 
SPEC 3.0 -3.0 8000 3070 
SPEC 3.1 -3.1 8000 3217 
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present i n r e a l analysed data. I t i s necessary t h e r e f o r e t o apply 
s e l e c t i o n c o n d i t i o n s t o the analysed events, t o provide s u i t a b l e data 
t o be used i n the c a l c u l a t i o n of the z e n i t h angle index. The r e q u i r e -
ments on the events used i n these c a l c u l a t i o n s are as f o l l o w s : 
(a) The analysed shower size NANAL, should be i n the range 
5 x 10 5 < NANAL < 10 6 p a r t i c l e s . The lower siz e l i m i t 
i s chosen t o avoid the e f f e c t caused by the a r r a y t r i g g e r -
i n g p r o b a b i l i t y discussed above, and the upper l i m i t i s 
chosen as a compromise between the d e s i r a b i l i t y of 
presenting the r e s u l t a t a constant shower s i z e , and 
the need t o maximise the number of events i n the 
sample. 
(b) The analysed r a d i i of showers should be less than 50 m 
from the centre of the a r r a y , and the analysed z e n i t h 
angles i n the range 0 - 3 0 degrees. 
These con d i t i o n s have also been ap p l i e d t o the t r i a l data f i l e s 
SPEC 2.9, SPEC 3.0 and SPEC 3.1. Values of n have been c a l c u l a t e d f o r 
the r e a l data and each of the s i m u l a t i o n f i l e s , using the l e a s t squares 
technique described i n §5.4. The values of n returned, together w i t h 
an estimate of the approximate e r r o r i n the f i t , are i l l u s t r a t e d i n 
Table 6.2. These r e s u l t s i n d i c a t e t h a t no deductions may be made about 
the v a r i a t i o n of the index w i t h s p e c t r a l slope. Assuming t h a t the 
z e n i t h angle index i s independent of s p e c t r a l slope, the index, based 
on a t o t a l of 756 outer r i n g t r i g g e r events, w i t h a median analysed 
shower size of 6.6 x 10 5 p a r t i c l e s has been c a l c u l a t e d as: 
n = 9.2 ± 1.0 f o r 5 x 10 5 < NANAL < 10 6 p a r t i c l e s . 
This r e s u l t may be compared w i t h the values of hsktoru et a l (1975) 
of n = 9.3 +^°^ and n = 10.0 +^°^ f o r median shower sizes of 2.7 x 10 5 
and 5.5 x 10^ p a r t i c l e s r e s p e c t i v e l y . 
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6.5 THE SHOWER SIZE SPECTRUM SLOPE 
Chapter 5 has described how the a r r a y acceptance may be c a l c u l a t e d 
as a f u n c t i o n of simulated shower s i z e , and t h a t a t low shower s i z e s , 
the u n c e r t a i n t y i n the array c a l i b r a t i o n s produces a large e r r o r i n the 
e s t i m a t i o n of the array t r i g g e r i n g p r o b a b i l i t y . As a consequence of 
t h i s , a lower l i m i t on the range of shower sizes which may be used i n 
the d e r i v a t i o n of the s p e c t r a l slope i s imposed, of 6.3 x 10 5 p a r t i c l e s , 
w i t h the analysed r a d i i and z e n i t h angles less than 50 metres and 30 degrees 
r e s p e c t i v e l y . These r e s t r i c t i o n s have been ap p l i e d t o both the r e a l 
data and the three sets of t r i a l data. The r e s u l t a n t events, i n equal 
log (analysed shower s i z e ) bins, are i l l u s t r a t e d i n Table 6.3. 
An attempt was made t o compare the data from each of the t r i a l 
s p e c t r a t o the r e a l data, using both a l e a s t squares t e s t and a 
Kolmogorov-Smirnov t e s t . (Massey 1551). These t e s t s i n d i c a t e d t h a t t o 
observe any s i g n i f i c a n t d i f f e r e n c e between each of the simulated data 
f i l e s , would r e q u i r e a data sample approximately a f a c t o r of ten greater 
than t h a t a v a i l a b l e . 
P r e l i m i n a r y s i m u l a t i o n work i n d i c a t e d t h a t t h e s p e c t r a l slope y m a v 
be obtained t o an accuracy of t 0.2, by a le a s t square f i t of a f u n c t i o n 
of the form 
J(N) dN a dN 
to the data a v a i l a b l e , where N represents the analysed shower s i z e , and 
J(N) dN, the number of events i n each shower size b i n . 
The value of Y obtained, however, i s dependent on the upper analysed 
shower s i z e l i m i t imposed on the f i t . With a lower shower size l i m i t of 
Log (NANAL) = 5.8, Figure 6.1 i l l u s t r a t e s the slopes obtainedjYOUT, as 
a f u n c t i o n of the upper l i m i t , f o r the r e a l data case. Each of the 
si m u l a t i o n f i l e s , SPEC 2.S - 3.1 shows s i m i l a r behaviour. 
Table 6.2 
VALUES OF ZENITH ANGLE INDEX RETURNED FROM LEAST 
SQUARES FIT ON SPEC 2.9, SPEC 3.0 AND SPEC 3.1 
F i l e Name Simulated 
Index 
Index Obtained 
From Analysed Data 
Number of Events 
i n Sample 
SPEC 2.9 8.0 6.9 - .7 823 
SPEC 3.0 8.0 9.2 ± .7 823 
SPEC 3.1 8.0 8.3 - .7 807 
_ _ ._ 
Table 6.3: 'SPECTRUM' EVENTS FOR REAL AND SIMULATED DATA 
Log (NANAL) 
Log (Analysed shower s i z e ) 
Number of events 
Real data SPEC 2.9 SPEC 3.0 SPEC 3.1 
5.8 - 5.9 241 270 264 261 
5.9 - 6.0 180 214 204 174 
6.0 - 6.1 108 118 129 112 
6.1 - 6.2 71 110 72 70 
6.2 - 6.3 50 54 49 51 
6.3 - 6.4 29 38 30 19 
6.4 - 6.5 10 27 7 9 
6.5 - 6.6 11 2 4 12 























As i s i l l u s t r a t e d i n Figure 5.10, the array i s not capable of the 
co r r e c t c o l l e c t i o n and ana l y s i s of showers l a r g e r than approximately 
2 x 10 p a r t i c l e s , due t o s a t u r a t i o n problems i n the detectors caused 
by t h e i r l i m i t e d dynamic range. The range of u s e f u l analysed shower 
sizes , t h e r e f o r e , i s r e s t r i c t e d t o 5.8 <l-o^(NMaL^< 6.3. Figure 6.2 
i l l u s t r a t e s the values of Y obtained f o r each of the t r i a l data f i l e s 
SPEC 2.9 - 3.1, f o r t h i s shower s i z e range. Further simulations have 
shown t h a t the e r r o r i n Y°UT caused by the u n c e r t a i n t y i n the t r i g g e r i n g 
p r o b a b i l i t y i n t h i s range, i s n e g l i g i b l e compared t o the s t a t i s t i c a l 
e r r o r i n the f i t , and t h a t the d i f f e r e n c e between yOUT and YIN i s caused 
p r i m a r i l y by the analysis programme accuracy. Using t h i s graph, a 
value of 
Y = 2.95 t 0.2 
has been obtained f o r the r e a l data, f o r shower sizes between 6.3 x 10^ 
and 2 x 10^, based on a sample of 650 events. Table 6.4 i l l u s t r a t e s 
recent r e s u l t s obtained f o r y by other workers. 
6.6 THE WEIGHTED LEAST SQUARE DISTRIBUTION OF ANALYSED RESULTS 
The d i s t r i b u t i o n of the weighted l e a s t square values, returned by 
the a n a l y s i s programme from a f i t t o the d e n s i t y data, would be expected 
to be s i m i l a r f o r both r e a l data and the t r i a l data sets, assuming t h a t 
the s i m u l a t i o n programme i s an accurate r e p r e s e n t a t i o n of the experiment. 
Figure 6.3 i l l u s t r a t e s a s c a t t e r p l o t of le a s t square values f o r r e a l 
data events comprising RUNS 112-117, versus the Log of analysed shower 
s i z e , NANAL, f o r z e n i t h angles less than 30° and analysed r a d i i less 
than 50 m from the centre of the a r r a y . Figure 6.4 i l l u s t r a t e s the 
corresponding p l o t f o r the t r i a l data f i l e SPEC 2.9. This p l o t may be 
taken as re p r e s e n t a t i v e of the t r i a l data runs, since no v a r i a t i o n of 



















Table 6.4: Some r e c e n t l y reported measurements of the d i f f e r e n t i a l 
shower size spectrum slope, y, f o r a i r showers a t sea 
l e v e l . 
Shower Size Range Y Reference 
10 4 - 10 6 2.4 - O.Ol Hayakawa 1969 
10 6 - 10 7 3.0 - 0.02 Hayakawa 1969 
<7 x 10 5 2.3 ± 0.1 Ashton e t a l 1975 
10 5 - 10 6 2.5 - 0.1 Kh r i s t i a n s e n et a l 1965 
10 6 - 10 7 3.0 ± 0.1 Kh r i s t i a n s e n et a l 1965 
10 5 - 10 6 2.59 - 0.2 Catz et a l 1975 
7 x 10 5 - 3 x 10 6 2.87 - 0.22 Rada et a l 1977 
10 5 - 10 6 2.61 - 0.03 Bagge et a l 1977 
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median shower size of 5.5 x 10^ p a r t i c l e s , f o r example, the mean values 
of the r e a l and simulated d i s t r i b u t i o n s d i f f e r by a f a c t o r of 2, an 
i n d i c a t i o n t h a t the s i m u l a t i o n programme i s not a r e a l i s t i c model of the 
experiment. 
A l i m i t e d i n v e s t i g a t i o n was made of the e f f e c t on the l e a s t square 
d i s t r i b u t i o n of selected events by two f a c t o r s ; the s t r u c t u r e f u n c t i o n 
used f o r a n a l y s i s , and the u n c e r t a i n t y i n the es t i m a t i o n of the detector 
c a l i b r a t i o n c o e f f i c i e n t s . 
6.6.1 The St r u c t u r e Function Used For Analysis 
A l i m i t a t i o n i n the s i m u l a t i o n work described i n t h i s chapter i s 
t h a t the same s t r u c t u r e f u n c t i o n has been used f o r both the s i m u l a t i o n 
and a n a l y s i s of t r i a l data. An attempt was made t o i n v e s t i g a t e the 
s e n s i t i v i t y of the l e a s t square d i s t r i b u t i o n t o the s t r u c t u r e f u n c t i o n 
used i n the a n a l y s i s , as f o l l o w s . 
Approximately 300 events were simulated using the Catz s t r u c t u r e 
f u n c t i o n , a t a constant shower size of 3 x 10^ p a r t i c l e s , under the 
condit i o n s o u t l i n e d i n Table 5.3-. These events were then analysed using 
the Catz, Hasegawa and NKG s t r u c t u r e f u n c t i o n s i n t u r n . The r e s u l t a n t 
mean values of the l e a s t square d i s t r i b u t i o n s of events w i t h analysed 
r a d i i less than 50 metres and z e n i t h angles less than 30 degrees are 
i l l u s t r a t e d i n Table 6.5. While there i s a small v a r i a t i o n i n the 
d i s t r i b u t i o n mean values w i t h the s t r u c t u r e f u n c t i o n used i n a n a l y s i s , 
the e f f e c t i s not great enough t o e x p l a i n the large d i f f e r e n c e observed 
between the r e a l and t r i a l data d i s t r i b u t i o n s . 
6.6.2 The Detector C a l i b r a t i o n C o e f f i c i e n t s 
Chapter 5 has described how the s i m u l a t i o n programme uses as inp u t 
a set of detector c a l i b r a t i o n s which are subsequently taken out d u r i n g 
a n a l y s i s . The assumption i s made t h a t the detector c a l i b r a t i o n s are 
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known e x a c t l y , f o r the purpose of a n a l y s i s of t r i a l data. The simulated 
data f i l e described i n ^ 6.6.1 has been analysed using ' I n c o r r e c t ' 
c a l i b r a t i o n s , ranging from 15 and 30 per cent random e r r o r s on a l l the 
detector c o e f f i c i e n t s , t o a 100 per cent e r r o r on detector C alone. While 
a large increase i n the le a s t square d i s t r i b u t i o n was observed f o r a l l 
events, Table 6.6 i l l u s t r a t e s t h a t the l i k e l y e r r o r s i n the e s t i m a t i o n of 
detector c a l i b r a t i o n c o e f f i c i e n t s produces only a small increase i n t h i s 
mean f o r 'Selected' events; these events analysed w i t h i n a 50 metre radius 
w i t h z e n i t h angles less than 30 degrees. 
This i s c l e a r l y an area of study where f u r t h e r s i m u l a t i o n work would 
be of i n t e r e s t . 
6.7 DISCUSSION AND CONCLUSION 
This t h e s i s deals p r i m a r i l y w i t h the measures adopted t o examine i n 
d e t a i l the performance of the Durham extensive a i r shower experiment, from 
the basic hardware of the arra y , through t o the o f f l i n e a n a l y s i s of the 
data, and t o model the experiment by means of a s i m u l a t i o n programme. 
The study may be conveniently d i v i d e d up i n t o the f o l l o w i n g categories: 
the experiment; the an a l y s i s and s i m u l a t i o n ; and the i n t e r p r e t a t i o n of 
r e s u l t s . Some concluding remarks w i l l be made about each of these i n 
t u r n . 
6.7.1 The Experiment 
I t was found d u r i n g the course of the experiment t h a t there was a 
cl e a r requirement f o r automatic on l i n e c a l i b r a t i o n and f a u l t diagnosis 
of each d e t e c t o r . Other recent experiments have achieved t h i s through 
varying techniques, from p e r i o d i c c o l l e c t i o n of array d e t e c t o r pulse 
height d i s t r i b u t i o n s (Naranan 1976), t o the measurement of known l i g h t 
output from a pulsed LED (Edge et a l 1977). The s i m u l a t i o n work, 
Table 6.6: WEIGHTED LEAST SQUARE MEANS AND ANALYSED SHOWER 
SIZES FOR VARIOUS 'INCORRECT' DETECTOR CALIBRATIONS AT 
NSIM = 3.0 x 10 5 PARTICLES 






Norma 1 6.78 * 0,4 3,2 x I 0 5 164 
- 15% random e r r o r s 6.38 ± 0.4 3.02 x 10 5 158 
- 30% random e r r o r s 6.76 - 0.4 3.06 x 10 5 164 
100% e r r o r on detector C 8.04 - 0.4 3.02 x 10 5 150 
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described i n Chapter 5 has shown t h a t the MPXR pulse height d i s t r i b u t i o n s 
are u s e f u l and provide e s s e n t i a l data as i n p u t t o both the ana l y s i s and 
si m u l a t i o n programmes, and i n a d d i t i o n provide a long term detector 
c a l i b r a t i o n check. Since, however, a minimum of approximately 2000 
events are required t o achieve u s e f u l accuracy, t h i s technique may not 
be regarded as a replacement f o r on l i n e d e t e c t o r c a l i b r a t i o n measurement. 
Computer technology has advanced considerably since the o r i g i n a l 
design i n 1973 of the data c o l l e c t i o n e l e c t r o n i c s used i n the a r r a y . 
Computers are now being used more f r e q u e n t l y i n the design and construc-
t i o n of EAS experiments, from simple r e p l i c a t i o n of hardware f u n c t i o n s , 
through the use of small but powerful programmable c a l c u l a t o r s (Orford 
et a l 1976), t o the use of medium size minicomputers f o r on l i n e recording 
of events, the performance of di a g n o s t i c checks of both the detectors and 
the data c o l l e c t i o n e l e c t r o n i c s , and some p r e l i m i n a r y processing of data, 
(Naranan 1976). Table 6.7 i l l u s t r a t e s tasks which could conveniently 
be handled by a computer i n r e a l time, f o r an experiment s i m i l a r to t h a t 
i n Durham. The range of tasks performed by the computer depends on the 
device chosen. A s i n g l e board microcomputer w i t h l i m i t e d memory may 
only be required as a f l e x i b l e replacement f o r some hardware u n i t s , 
whereas a multi-language i n t e r r u p t d r i v e n minicomputer may be required 
f o r the s e r v i c i n g of the experiment i n r e a l time, operator i n t e r f a c e s , 
and some f o r m a l i s a t i o n of the data checking procedures discussed i n 
Chapter 3. 
6.7.2 Data Simulation and Analysis 
Chapter 4 has i l l u s t r a t e d t h a t the ana l y s i s programme may s u c c e s s f u l l y 
make use of a s o p h i s t i c a t e d m i n i m i s a t i o n package, employing a v a r i e t y of 
minimisa t i o n techniques, i n c l u d i n g t h a t of a random search, provided care 
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parameters may be the data describing the array electronics, such as 
detector calibrations and saturation l i m i t s , or the control information 
supplied to direct the course of the minimisation procedure. Careful 
consideration must be given to the t o t a l computer time requirement fo r 
analysis of both real and simulated data. Where large amounts of data 
are to be processed, i t may be necessary to consider the use of a slower 
dedicated minicomputer, rather than a larger time shared machine. 
The technique of simulation and data analysis i n a two stage process 
has been shown to be superior to previous techniques employed i n the 
Durham array, and i s p a r t i c u l a r l y useful i n the evaluation of the power 
of pre-analysis data checks. 
6.7.3 Data Interpretation 
Some limited results have been presented i n t h i s Chapter f o r both 
the simulation f i l e s and the real data f i l e under carefully specified 
selection conditions. The size of the data sample cl e a r l y does not allow 
the use of the relaxation technique, which compares the results of the 
simulated shower size spectra, to the real data. Some limited results 
have been presented of the dependence of the shower size on the structure 
function used for analysis; but further work i s necessary to allow an 
estimation of the ef f e c t that t h i s produces i n the spectral slope measured. 
The poor precision of the results presented f o r the outer r i n g t r igger 
data, i s due primarily to the small number of events i n the data sample, 
caused by the limited range of useful showers collected by the array. The 
tri g g e r i n g of the array on both the inner and outer r i n g detectors, w i l l 
increase the collection rate of useful showers by a factor of 5, extend-
ing the lower shower size l i m i t , imposed by the t r i g g e r i n g probability 
requirement,down to approximately 2.5 x 10 5 p a r t i c l e s . 
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Fi n a l l y , the d i s t r i b u t i o n of weighted least squares of analysed 
events i s shown to be one area of discrepancy between real and simulated 
data. Same possible causes investigated were found to be inadequate 
i n explaining t h i s difference, indicating an area where further simula-
t i o n and analysis of data would be of i n t e r e s t . 
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A P P E N D I X 1 
(a) Computer simulation programmes using the 'Monte Carlo' technique, 
often require the generation of a series of random numbers, modu-
lated according to a user specified d i s t r i b u t i o n . Some common 
dis t r i b u t i o n s are available under MTS on public disc. (See f o r 
example the *NAG manual on NUMAC). However, i t i s occasionally 
necessary fo r a specific d i s t r i b u t i o n to be generated using as a 
st a r t i n g point, the uniform computer random number generator F(s), 
0 < F < 1 . Previous work by Smith (Smith 1S76) has used the 
so called Laplace Method of selection of a random variable from 
a prespecified d i s t r i b u t i o n . This was rejected as too i n e f f i c i e n t , 
since every random number supplied to the generating subprogramme 
i s not used. 
The technique adopted by the author i s described below. 
The normalised i n t e g r a l J(x) of the required function y ( t ) i s 
formed as shown 
J(x) = 
aO X 
y ( t ) dt y ( t ) dt Equation (Al) 
A value of J(x) i s generated by selection from the uniform d i s t r i -
bution F, and x, a random variable modulated by y ( t ) i s obtained 
by inversion of equation A l . 
(b) Shower size spectrum example. 
For a shower size spectrum of the form 
Y(N) dN = AN dN 
the normalised i n t e g r a l i s given by 
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N x U 
y(N) dN Y(N) dN J(x) 
N N 
N L - x 
- N -( X -1) U 
where N L and Nu are the smallest and largest shower sizes of i n t e r e s t . 
A spectrum with two slopes & ± and 0^2 and break point N B K, may be treated 
i n a similar manner. The normalised i n t e g r a l J(x) becomes 






Lj N 1 dN + I A, 
BK 
N 2 dN 
x may be found by inversion of equation A 2 , where y(N) has the appropriate 
form depending on the value of x r e l a t i v e t o N . 
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